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Kurzfassung
Die Elektronenemission aus ferroelektrischen Materialien (FEE) ist eine vielver-
sprechende Quelle für Elektronen. Obwohl vielfältige Studien gezeigt haben,
dass ferroelektrische Elektronenemission durch eine Veränderung der spon-
tanen Polarisation erfolgt, ist der zugrundeliegende Emissionmechanismus
nicht genau geklärt. Inhalt dieser Arbeit ist die Analyse und Optimierung der
Elektronenemission aus verschiedenen ferroelektrischen Materialien. Um nie-
drige Operationsspannungen zu erreichen, wurden zum einen ferroelektrische
Relaxoren mit niedrigen Koerzitivfeldern und zum anderen ferroelektrische
Dünnfilme verwendet. Die Elektronenemission wurde im Ultrahochvakuum
mithilfe eines Einzelelektronendetektors gemessen. Für die Elektronenemission
aus ferroelektrischen Dünnfilmen fand eine strukturierte Oberelektrode mit
Nanometer großen, regelmäßig angeordneten Aperturen Verwendung. Die
Emission aus Bleizirkonattitanat (PZT) Dünnfilmen konnte bereits mit An-
regungsspannungen von 10 V ausgelöst werden. Der Polarisationszustand in
den Aperturen für verschiedene angelegte Spannungen wurde mithilfe von
Piezoantwort-Rasterkraftmikroskopie (PFM) bestimmt. Es zeigt sich, dass
eine immer größere Aperturfläche mit zunehmenden Spannungen geschaltet
wird. Zusätzlich zur Emission aus PZT Dünnfilmen wurde die Elektronene-
mission aus dünnen Bismuthferrit (BFO) Filmen untersucht. Die Emission
aus BFO erfolgte mithilfe eines Oberflächenplasmas. Für die Untersuchungen
an Einkristallen wurde, aufgrund seines niedrigen Koerzitivfeldes, Bleimag-
nesiumniobat - Bleititanat (PMN-PT) gewählt. Die Zeitabhängigkeit des
Emissionsprozesses von PMN-PT wurde mithilfe von zeitlich varierten Span-
nungspulsen der Anregungsspannung analysiert. Es wird gezeigt, dass die
Elektronenemission aus PMN-PT mit einem Random-Field Modell für Relax-
oren beschrieben werden kann. Dabei hängt der gemessene Elektronenfluß
mit der Größe der geschaltenen Polarisation zusammen. Die zeitabhängige
Analyse verbessert das Verständnis des Polarisationsschaltens und des Ab-
schirmladungsaufbaus im PMN-PT. Zusätzlich zur Zeitabhängigkeit wurde die
lokale Elektronenemission von PMN-PT mithilfe einer Rasterkraftmikrospie
(AFM) - Spitze als Ladungsdetektor im Nanometer Bereich vermessen. Hier
zeigt sich, dass die Elektronenemission sehr stark von der elektrischen Feld-
verteilung in der Apertur abhängt. Die gefundene optimale Aperturbreite
ist kleiner als bislang verwendete Aperturen. Vergleichsmessungen mit Bar-
iumtitanat als Standardferroelektrikum zeigten, dass der Emissionsprozess
aus PMN-PT wesentlich komplexer abläuft als aus einem konventionellen
Ferroelektrikum. Allgemeine Schlußfolgerungen über zukünftige Anwendungen
der FEE konnten aus den Messungen gezogen werden.

Abstract
Electron emission from ferroelectrics (FEE) is a promising source for electrons.
Although extensive studies have shown that the emission is inititated by
a variation of the spontaneous polarization, the exact underlying emission
process remained unclear to date. The focus of this work is to analyze and
improve the electron emission process from ferroelectric materials. To achieve
low operation voltages thin films and low coercive voltage ferroelectric relaxor
single crystals were used. The emission was measured under ultrahigh vacuum
(UHV) conditions with a single electron detector. The ferroelectric thin films
were prepared with a structured top electrode, with nanometer-sized regularly
arranged apertures. The emission from lead zirconate titanate (PZT) thin
films was achieved at excitation voltages as low as 10 V. The voltage dependent
polarization state within the emission apertures of PZT was imaged using
piezoresponse force microscopy (PFM). The PFM measurements revealed that
an increased fraction of the free surface area is switched by an increased applied
voltage. Additional, as a thin film electron emitter, bismuth ferrite (BFO)
films were investigated. Ferroelectric relaxor lead magnesium niobate - lead
titanate (PMN-PT) was used as single crystal electron emitter due to its low
coercive field. The time-dependent electron emission process from PMN-PT
was clarified with the help of exciting voltage pulses of variable duration. It is
demonstrated that FEE from PMN-PT can be described in the framework of
a random field model for relaxors, with the measured electron flux correlating
with the amount of reversed polarization. The time-resolved analysis gives
insight into the polarization switching and screening processes within PMN-PT.
The local electron emission from PMN-PT single crystals has been investigated,
in the nanometer regime, with the help of an AFM tip serving as an electron
detector. Additionally, the influence of the aperture size in the top electrode
on the emission has been investigated. It is found that the electron emission
is strongly influenced by the electric field distribution in the aperture. An
optimum aperture width for electron emission from PMN-PT, which is much
smaller than the apertures used so far, was found. Comparative investigations
of the electron emission process from relaxors with barium titanate showed
that the emission from PMN-PT is much more complex than the emission from
a conventional ferroelectric. General conclusions on the future applications of
FEE can be drawn.
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Part I
Introduction
Electrons play an essential role in multiple physical phenomenas. In particular, free
electrons possess a lot of applications for example welding, cathode ray tubes, electron
microscopes, free electron lasers, and radiation therapy [1]. Analysis of the electron
emission from solids due to light irradiation triggered the development of quantum
theory. Today it is known that electrons, like all matter, have properties of both
particles and waves. Thirty years after the discovery of electrons [2] the phenomena
of ferroelectricity was found [3]. Soon after its discovery, ferroelectricity proved to be
useful for production and detection of ultrasound [4]. But it was not until a further
50 years of scientific progress had passed that the process of ferroelectric electron
emission (FEE) was found [5]. So far, the most prominent application of ferroelectric
electron emitters is the use as cathodes for microwave generation [6].
To induce electron emission in conventional electron emitters, e.g. field emitters,
high electric fields are required [7]. In contrast, ferroelectric electron emission
is induced without an external field [8]. In a ferroelectric material the internal
depolarization field of the spontaneous polarization is responsible for electron emission.
The bound polarization charges near the surface are compensated by screening charges.
Upon changes in the ferroelectric polarization e.g. through pyroelectricity or electrical
switching, the resulting charge imbalance compensates by partly emitting the former
screening charges into vacuum [9].
Two different mechanisms have been identified to be responsible for ferroelectric
electron emission, weak and strong electron emission. For strong FEE, horizontal
components of the applied electric field initiate the formation of a surface flashover
plasma, which acts as a reservoir of free charge carriers [10]. Accordingly, strong FEE
is not restricted to ferroelectric materials, but simply requires an induced dielectric
polarization. Though with high electric fields of 10-25 kV/cm, emission currents
of up to 100 A/cm−2 are achievable [10], the formation of the surface flashover
plasma damages the sample surface and can drastically limit the lifetime of the
device. In contrast, weak ferroelectric electron emission is induced without such a
plasma [8]. Previous studies focussed on emission from bulk crystals and ceramics
achieving emission current densities of up to 10−7A/cm−2 [11]. Cathodes based
on bulk ferroelectrics are operated at voltages above the coercive voltage, which
measures at least several hundreds of volts for most emitters. In order to reduce the
power consumption, and hence to improve the use of this kind of cathodes, lower
operation voltages are needed. This can be accomplished by reducing the emitter
thickness to thin films [12, 13] or by applying materials with low coercive fields [14].
Both possibilities were investigated within this thesis. Emission properties from
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ferroelectric thin films and low coercive field ferroelectric relaxors are investigated in
detail.
Despite almost 40 years of research on ferroelectric electron emission, there are still
many open questions about the physics of this emission process. Only very few results
reported on thin film electron emission so far [12, 13]. This is due to the fact that a
decreased emitter thickness influences the electric field distribution in the emitter
structure. In order to achieve sufficient field strength close to the emitter surface,
the top electrode aperture has to be smaller than the film thickness. The smallest
reported aperture size of 1.5 µm is still larger than the corresponding film thickness
[13]. Also, only few studies on the time dependence and the spatial distribution
of electron emission from ferroelectrics have been performed. The influence of the
growth rate of the applied field and the repetition rate were investigated for plasma-
assisted electron emission from PLZT ceramics [15]. An overview measurement of the
spatial electron emission was carried out with a multichannel plate and a luminescent
screen for a ferroelectric having a top electrode away from the ferroelectric surface
[9].
The goal of this thesis is to optimize and analyze the emission process from
ferroelectric thin films and relaxors and to improve possible applications. In the first
four chapters of this thesis, an overview on the basics needed in this thesis is provided.
A brief introduction into electron emission from solids and conventional electron
sources is given in chapter 1. This is followed by a description of the phenomenon
of ferroelectricity in chapter 2. The concept of ferroelectric electron emission is
explained in chapter 3. The used experimental setup and methods are illustrated in
chapter 4.
In the following three chapters the experimental achievements of this thesis are
demonstrated. Electron emission was induced from thin films with the help of a
novel top electrode structure. Ultra-low excitation voltages were found for electron
emission from lead zirconate titanate (PZT) thin films. These measurements are
summarized in chapter 5. Both thin films of lead zirconate titanate and bismuth
ferrite were used.
The properties of the electron emission process from lead magnesium niobate
- lead titanate (PMN-PT) single crystals were investigated in detail in chapter 6.
PMN-PT is a ferroelectric relaxor were the polarization can be reversed with low
applied electric fields and thus electron emission is induced at low excitation voltages,
even for thicker single crystals. On the one hand the time-dependent properties of
electron emission from PMN-PT were analyzed, while on the other hand the spatial
distribution of electron emission from PMN-PT was investigated.
Comparative measurements between a conventional ferroelectric and a relaxor
ferroelectric were performed with the help of barium titanate single crystals as the
standard ferroelectric [16] in chapter 7.
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Finally, a summary of the achieved results and suggestions for future investigations
of ferroelectric electron emitters are given in the last part of this work.
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Part II
Basics
1 Electron Emission
Electron emission from solids is such a fundamental process that it was among one of
the earliest scientifically investigated phenomena. Already back in the mid 19th century
cathode rays were observed by means of florescence. By the end of the 19th century it
was demonstrated that this cathode rays were actually beams of negatively charged
particles. And with that, for the first time, electrons were knowingly detected. In this
chapter the phenomenon of electron emission from solids is briefly introduced. The
most basic electron emission processes from solids are described, which are thermionic
emission, field emission, and photoemission. Some applications of electron sources
are given at the end of this chapter. The descriptions in this chapter are based on
[7].
1.1 Electrons in Solids
The energy of an electron in a solid is less than the energy of a free electron in
vacuum. Under normal conditions, the energy of an electron in a solid is insufficient
to enable it to escape over the potential step of the surface. The surface barrier
prevents escape of the electrons from the solid as sketched in Fig.(1).
In a metal the electron density is high and the energy distribution of the electrons
follows a Fermi-Dirac law. At 0 K there is a maximum energy level for electrons
called the Fermi level EF . The potential difference between the Fermi level and the
vacuum level Evac is called the work function Φ.
In semiconductors and insulators the electron energies are confined to bands separated
by forbidden zones. In the case of an insulator there is a huge gap between the
maximum energy of electrons that are bound to the atoms and electrons which would
be free to conduct.
Contamination of the material surface through for example adsorbed atoms generally
results in a double layer of charge and can greatly modify the potential barrier.
For example caesium adsorbed on a metal surface results in a lowering of the work
function because caesium loses an outer electron and is adsorbed as a positive ion
which in turn induces a negative mirror image charge on the metal. This double
layer of charge results in a drop in potential [17].
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Figure 1: Simplified model of a crystal potential terminating at a clean surface. As visible
the potential barrier is not sharp but extends over a number of atomic radii away from the
surface. The potential difference between the vacuum level Evac and the Fermi level EF is
called the work function Φ.
1.2 Thermionic Emission of Electrons
The electron emission from heated solids is called thermionic emission. For clean
metals the emitted current follows the so called Richardson-Dushman equation [18]:
I = A0T
2e−
Φ
kT , (1)
where A0 =
4πemek2
h3
is the Richardson constant, Φ the work function, k the Boltzmann
constant, e the elementary charge, me the electron mass, and T the temperature of
the metal. The work function Φ is assumed to be independent of the temperature.
In thermionic emission from semiconductors the Φ in the Richardson-Dushmann
equation becomes the Richardson work function which is defined as the difference
between the Fermi level and the vacuum level. Thermionic emission from semicon-
ductors can thus be defined just as for metals with an A0 value and a work function.
The main disadvantage of thermionic emitters are the high operating temperatures
which require large heating power input. For example tungsten at 2500 K requires
70 W/cm2 input power.
In practice, electron emission devices with field enhanced thermionic electron emis-
sion are used. Therefore, a thermionic electron emitter is biased negative relative
to its surroundings. The electric field lowers the surface barrier by an amount ∆Φ
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and thus increases the emission current. This electron emission process is called
Schottky emission [19]. For field strengths lower than 108 V/m the emission can be
modeled by replacing the work function Φ in the Richardson equation by Φ−∆Φ.
For higher electric field strengths field emission begins to affect the emission current
significantly.
1.3 Field Emission of Electrons
Field emission is an electron emission which occurs from solids under the influence of
high electric surface fields. The applied field lowers the height of the work function
barrier and electrons can tunnel through the barrier.
For metals the emitted current follows the Fowler-Nordheim relationship [20]:
I =
eE
1/2
F E
2
2πh(Φ + EF )Φ1/2
e−
4
3
( 8π
2me
h2
)1/2 Φ
3/2
eE , (2)
with E the electric field, Φ the work function, and EF the Fermi energy. The equation
is valid for a triangular surface barrier.
From the Fowler-Nordheim equation follows that for a metal the emission will become
measurable only if the field exceeds 107 V/cm. The high field necessary for field
emission is most easily achieved by concentrating the field at the surface of a fine tip.
But to obtain stable emission the vacuum has to be extremely good with pressures
of less than 10−9 torr being required to avoid damage to the tip by ion bombardment
in the high field.
1.4 Photoelectric Emission of Electrons
Photoelectric emission is the electron emission from a solid after light irradiation.
Light with a high enough frequency excites an electron above the vacuum level so
that it can escape from the solid. The maximum kinetic energy of an electron emitted
is given by the Einstein relation:
Ekin = hν − Φ, (3)
where hν is the photon energy and Φ the difference between the Fermi energy for an
electron in the metal and the vacuum level. The photoelectric current per incident
photon is given by [21]:
I = αA0T
2f(x), (4)
where
f(x) =
{
ex − 1
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e2x + 1
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e3x − ... for x negative
π2
6
+ x
2
2
− [e−x − 1
22
e−2x + 1
32
e−3x − ...] for x positive
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and x = hν−Φ
kT
.
In this equation A0 is, as in the equation of thermionic emission, the Richardson
constant, α is a factor taking into account the fraction of the total current due to
thermal emission, and T is the temperature. The photoelectric yield from metals is
lower compared to efficient semiconductors because in metals much of the incident
light is reflected and the absorption of the excited electrons in a metal is high due
to the interaction with the conduction electrons. To induce photoemission from
semiconductors electrons are excited from the valence into the conduction band
(intrinsic photoemission) or electrons are excited from levels in the forbidden energy
gap and escape over the surface barrier into the vacuum.
1.5 Other Electron Emission Processes
Plenty of other electron sources exist. Nature itself provides an electron source
through β−-decay. In nuclide with a neutron surplus a neutron in the nucleus
changes to a proton, an electron and an electron antineutrino: n −→ p+ e− + ν̄e.
Electrons originating from β-decay proved to be a useful tool in radiation therapy,
especially in brachytherapy which is an internal radiotherapy [1].
After impacting material surfaces with particles (e.g. ions, electrons, ...) of sufficient
energy secondary electrons can be emitted. The yield of the secondary electron
emission is defined as the ratio of the emitted secondary electron current to the
impacting primary current. The secondary electron emission yield depends on the
energy of the primary beam and the impacted material. Common materials for
secondary electron emission are for example BeO and MgO [22].
1.6 Applications of Electron Emitters
The cathode ray tube was the first device to translate electronic signals into visual
display, e.g. in television screens. The cathode ray tube was also used as a switch and
amplifier in electronic circuits. Rectifying diodes and triodes are based on thermionic
emitters. The energy requirements and the large size of the tubes has led to their
replacement by transistors in most applications today.
Photomultiplier tubes can detect low level electromagnetic radiation and convert the
photons in electrical signals with the help of the photoemission process [1].
Transmission and scanning electron microscopy use the shorter wavelength of elec-
trons to produce high resolution images of objects too small to image with visible
light [23].
X-rays, in high vacuum X-ray tubes, are produced by electrons striking a metal
anode. For X-ray production electrons produced by thermionic emission are used
because the high electric fields that are required for field emission are undesirable in
an X-ray apparatus.
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Electron beams are used in material analysis and treatment. In low electron en-
ergy diffraction (LEED) and electron energy loss spectroscopy (EELS) electrons
are required for material investigations [1]. Electrons are also used for welding and
machining on the miniature scale [24]. Additional applications of electron beams
are curing of inks, coatings, and adhesives, as well as sterilizing packaging surfaces
prior to coming in contact with food. Also application for air and gas purification
are being explored for use in compact areas or as transportable electron beam devices.
The various applications of electron emitters continue to make demands on the
development of more sophisticated electron beam devices.
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2 Ferroelectricity
Ferroelectrics are a class of materials showing a spontaneous electrical polarization in
zero electrical field which is switchable by an applied electric field. In this chapter, the
basics of ferroelectricity are introduced, starting in the first part with some fundamen-
tal properties of ferroelectrics. This is followed in the second part by a description
of the process of polarization switching and ferroelectric domain development. In
the third part relaxor ferroelectricity is covered. In the following fourth part some
facts about ferroelectricity in thin films are emphasized. The materials investigated
in this work are introduced in the fifth part. Finally, some important applications of
ferroelectrics are mentioned in the sixth and last part.
2.1 Basic Properties of Ferroelectrics
A ferroelectric is a material with a spontaneous electric polarization ~P that can be
reversed by an applied external electric field [25]. The prefix ferro is used in analogy
to ferromagnetism. An electric polarization ~P in a solid can be caused by a relative
displacement of the centers of positive and negative charges which appears only in
non-centrosymmetric materials.
The electric field ~E and the polarization ~P are related by:
~P = χs ~E, (5)
where χs is the tensor of dielectric susceptibility. The total surface charge density
induced by the applied field is given by the dielectric displacement ~D including
charges associated with the material polarization ~P and charges created by the
polarization of free space ε0 ~E:
~D = ε0 ~E + ~P = ε ~E, (6)
where ε is the dielectric permittivity of the material. In opposition to the applied
field and the spontaneous polarization acts the depolarizing field. The depolarizing
field in the solid is produced by the surface charges. The surface charge density ρ
obeys the Poisson equation:
ρ = ~5 · ~D, (7)
with equation (6) follows:
ρ = ε0 ~5 · ~E + ~5 · ~P . (8)
The surface charge density consists of a part due to the external electric field and an
additional part due to the internal polarization of the material. The energy Wdep
associated with the depolarizing field is:
Wdep =
1
2
∫
V
~D · ~E d~r. (9)
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The depolarizing field energy can either be reduced by the screening of the surface
charge with free charges or by the formation of ferroelectric domains [4].
From crystal symmetry follows that every ferroelectric is also a pyroelectric. A
pyroelectric is a material which exhibits an electrical polarization due to a tem-
perature variation. Every pyroelectric is also a piezoelectric. A piezoelectric is a
material with a change of the electrical polarization due to mechanical stress and
vice versa. Ferroelectrics normally undergo a structural phase transition from a high
temperature paraelectric phase to a low temperature ferroelectric phase at their
Curie temperature. Additional, ferroelectrics display an electric hysteresis in their
polarization electric field dependence.
2.2 Polarization Switching and Ferroelectric Domains
Because of the spontaneous polarization the surface of a ferroelectric is charged. The
charges induce a depolarization field oriented anti-parallel to the polarization. To
minimize the energy of the depolarization field domains are formed. Ferroelectric
domains are crystal regions with uniformly oriented polarization. The region between
two domains are called domain walls. The final domain state minimizes the total
energy consisting of the energy of the depolarization field and the energy required
for the formation of the domain walls. In the domain wall region the polarization
changes continuously but steep from one domain to another. Usually the domain
walls have a width in the range of several nanometers [4]. The type of the domain
wall is determined by the polarization direction next to the domain wall. Walls sepa-
rating oppositely oriented domain are called 180◦ domain walls and walls separating
perpendicular oriented domains are called 90◦ walls. The types of domain walls that
can form in a ferroelectric depend on the symmetry of the crystal. 90◦ and 180◦
domain walls are possible in tetragonal crystal structures whereas in rhombohedral
crystals three types of domain walls are present [16]. Another possibility to minimize
the electrostatic energy of the depolarization field is to screen the depolarizing charge
by electrical conduction through the crystal or by charges from the surrounding media.
In a ferroelectric, the polarization switching as a function of the applied field
results in a hysteresis loop as shown in Fig.(2). The polarization existing while no
electric field is applied is called the remanent polarization Pr. The electric field
necessary to switch the polarization is called the coercive field EC . For high electric
fields the polarization reaches a maximum value called the saturation polarization
PS.
The ferroelectric switching is initiated near nucleation centers like defects, existing
domain walls, and the material surface. From the reversed domains near the nucle-
ation centers the domains continue to grow through the crystal in the direction of
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Figure 2: The ferroelectric hysteresis loop shows the dependence of the polarization ~P on
an external electric field ~E. The coercive field EC , the remanent polarization Pr and the
saturation polarization PS are marked in the hysteresis curve [26].
the applied electric field. This results in needle-like domains connecting the crystal
surfaces and occurs in a time scale of several nanoseconds [27]. Additionally, a slower
sidewards motion of the domain walls takes place until the switching process is
complete [28, 29].
By default, polarization switching is induced by applying an electric field exceeding
the coercive field. Also, it is possible to switch the polarization state by the applica-
tion of a mechanical stress [30]. In some materials, it is also possible to switch the
polarization with a field lower than the coercive field if the field is applied for a very
long time [31]. These kind of materials are called ferroelectric relaxors.
2.3 Ferroelectric Relaxors
Although relaxor ferroelectrics were already discovered in the 1950s, many of their
properties are still not completely understood. Nevertheless, relaxors proved to be
very useful materials and are nowadays applied as standard dielectrics and piezo-
electrics in industry [33]. Relaxor ferroelectrics occur in perovskite and tungsten
bronze structure compounds and solid solutions. The most common ferroelectric
relaxors (e.g. PMN-PT, PZN-PT) are solid solutions between a relaxor material (e.g.
PMN, PZN) and a ferroelectric (e.g. PT). As the name implies, a ferroelectric relaxor
shows both: dielectric relaxation and low temperature ferroelectric behaviour.
In ferroelectrics the permittivity typically reaches a maximum near the Curie temper-
ature. In relaxor ferroelectrics however, the maximum in the permittivity does not
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Figure 3: Characteristic features of the ferroelectric relaxor PMN; (top) dielectric dispersion
as a function of temperature for different frequencies; (bottom) Ferroelectric hysteresis for
different temperatures [32].
mark a phase change to a ferroelectric state. In a relaxor, the maximum temperature
increases, with increasing measuring frequency, in a manner typical for a dielectric
relaxation. Also, the peak of the permittivity maximum is broader than in a normal
ferroelectric. However, a ferroelectric relaxor shows a ferroelectric hysteresis response
under alternating fields at low temperatures. The hysteresis behaviour does not
suddenly vanish at a particular phase transition temperature but decays slowly into
a nonlinear behaviour. So in a relaxor ferroelectric there is no sharp phase transition
to an ordered ferroelectric phase. This typical behaviour of relaxors is shown in
Fig.(3) exemplary for lead magnesium niobate [32]. The temperature dependence
of the dielectric permittivity for different frequencies is shown in the top of Fig.(3).
From Fig.(3) it is visible that the maxima of the permittivity are shifted to higher
temperatures for increasing frequencies. The slow decay of the ferroelectric hysteresis
with increasing temperature is shown in the bottom of Fig.(3).
The connection of the temperature T and the frequency f of the ε′(T ) peak can be
described with the Vogel-Fulcher law:
f = (2πτ0)
−1e
−Ea
k(T−TV F ) . (10)
The freezing temperature TV F for the relaxation process, the leading relaxation
time τ0 and the activation energy Ea for equivalent polar orientations are fitting
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parameters [4].
Also in contrast to normal ferroelectrics, ferroelectric relaxors show no optical
anisotropy which is a characteristic of the domains in a normal ferroelectric [32].
Recently a microscopic understanding of ferroelectric relaxors emerged with the
help of x-ray diffraction, neutron diffraction, transmission electron microscopy and
neutron pair distribution function analysis [34, 35, 36, 37]. These studies revealed that
relaxors exist in a random field state similar to randomly diluted antiferromagnets
[38, 39].
In the widespread case of relaxors with a perovskite structure (ABO3) either the
A or the B ion is replaced by differently charged ions arranged randomly in each
unit cell, resulting in the general formula of A′xA
′′
1−xB
′
yB
′′
1−yO3, where A
′, B′ are low
valence cations (e.g. Pb2+, Mg2+) and A′′, B′′ are high valence cations (e.g. Nb5+).
Therefore, charge neutrality is only given for a volume at least larger than a single
unit cell. This leads to randomly oriented electric fields. The random fields disturb
any long range ordering in the structure. Instead of ferroelectric domains small polar
clusters appear in relaxors. The formation of these polar nanoregions starts at the so
called Burns temperature, which is therefore not a strict phase transition temperature
[32]. Upon cooling through the Burns temperature the polar nanoregions become
larger and reach a long range coherence resulting in the maximum of the dielectric
susceptibility [40]. With the picture of polar nanoregions also the ferroelectric
properties of relaxors are explainable. The polar clusters can be oriented parallel to
an applied electric field at temperatures below the phase transition temperature. The
Curie temperature is different for the different nanoregions in the material because
the random fields are not homogeneous and the activation energy for each cluster
is different. That is why, the phase transition takes place at different temperatures
for different clusters so that the macroscopic phase transition temperature is not
sharp [41]. Several models have been used to describe the interaction of small polar
clusters and electric fields but no detailed understanding has been reached so far.
More details on ferroelectric relaxors can be found for the typical ferroelectric relaxor
material PMN-PT in chapter (2.5.2).
2.4 Ferroelectric Thin Films
With the improvement of preparation techniques it is now possible to prepare high
quality ferroelectric films with thicknesses below 1 µm [25]. Thereby, the properties
of thin films often differ from those of bulk materials. One difference is that the
polarization can be manipulated with much lower voltages compared to thick crystals.
The properties of ferroelectric thin films are strongly influenced by the interaction
with the substrate. Especially, the lattice mismatch between the substrate and
the thin film induces mechanical strain in the film. The induced strain influences
the ferroelectric properties of the film since piezoelectricity and ferroelectricity are
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coupled. For example, a prepolarization of the film by the substrate stress is possible
[42]. In thick films, with a large lattice mismatch to the substrate, the induced strain
can be relieved by the formation of dislocations and defects. Defects also influence
the polarization switching.
Because ferroelectricity is a correlation effect a size limit for the formation of a
spontaneous polarization is expected. This size effects have been predicted for several
nanometer thick films but measurements of ultrathin films still show the existence of
a ferroelectric polarization [43].
2.5 Ferroelectric Materials
In this chapter the materials used within this work are introduced. All materials
investigated crystallize in the perovskite structure. Because of its robustness the
perovskite structure includes the most studied ferroelectrics.
2.5.1 Barium Titanate (BTO)
Figure 4: Barium titanate crystallizes in a perovskite structure; (a) above the Curie
temperature TC = 120◦C barium titanate is in a paraelectric cubic phase; (b) below the
Curie temperature the barium and titanium ions are shifted with respect to the oxygen
ions resulting in a dipole moment and therefore in a tetragonal ferroelectric phase [44].
Barium titanate (BTO) is often referred to as the model ferroelectric. Like many
ferroelectrics it has a perovskite structure. Its Curie temperature is 393 K and during
the phase transition barium titanate changes from a paraelectric cubic structure to a
ferroelectric tetragonal structure [46]. In the ferroelectric tetragonal structure the
Ba2+ and the Ti4+ ions are shifted with respect to the surrounding oxygen octahedron
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Figure 5: Overview of the different phase states and their properties in barium titanate,
(a) shows the lattice constants at different temperatures, (b) shows the projection of the
spontaneous polarization of barium titanate at a cube edge as a function of temperature
and the dielectric constants as a function of temperature (c) shows the possible domain
states at the different ferroelectric phases [45].
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resulting in a spontaneous polarization, as sketched in Fig.(4). Six equivalent polar
axis are present in the tetragonal phase.
This results in the development of a ferroelastic ferroelectric domain structure.
The domains in barium titanate are denoted as c-domains with the spontaneous
polarization aligned along [001], a1-domains with ±PS ‖ [100], and a2-domains
with ±PS ‖ [010]. The domains are separated by 90◦ and 180◦ domain walls at
room temperature. The 180◦ domain walls separate the c-domains and are pure
ferroelectric. Whereas the 90◦ domain walls separate a-domains or a- and c-domains
and are ferroelectric and ferroelastic. Due to the difference in the a and c lattice
constants in the tetragonal phase the mechanical compatibility leads to wedge shaped
90◦ domain walls. The thickness of the 90◦ domain walls is more than one order of
magnitude larger than the thickness of the 180◦ domain walls. This results in the
typical domain structure of barium titanate [47].
Additional phase transitions between ferroelectric states occur in barium titanate
below the Curie temperature. Each transition is a first order phase transition. The
phase transitions are accompanied by a change of the crystallographic symmetry
and the dielectric properties. For temperatures of 280 K a phase transition to
an orthorhombic phase occurs and for a temperature of 180 K a phase transition
to a rhombohedral phase occurs. All three phases tetragonal, orthorhombic and
rhombohedral are ferroelectric. At high temperatures above 1460 K a stable hexagonal
structure exists [48, 49].
An overview of the different ferroelectric phases in barium titanate gives Fig.(5).
In the phase diagram Fig.(5 (a)) shows the lattice constants a,b,c as a function of
temperature. The phase transition temperatures are indicated by dashed grey lines.
In part (b) of Fig.(5) the dielectric constants εa and εc as well as the spontaneous
polarization PS are shown as a function of temperature. The possible domains of
barium titanate in the different ferroelectric states are shown in part (c) of Fig.(5)
[45].
2.5.2 Lead Magnesium Niobate - Lead Titanate (PMN-PT)
Pb(Mg1/3Nb2/3)O3 − PbT iO3 (PMN-PT) is a solid state mixture between lead mag-
nesium niobate and lead titanate. As is visible in the temperature-composition phase
diagram in Fig.(6) the properties of PMN-PT depend strongly on the composition.
Below the transition temperature to a cubic paraelectric phase the material is in
a rhombohedral phase for small lead titanate contents and in a tetragonal phase
for high lead titanate contents [50]. These crystal phases are separated by a mor-
photropic phase boundary. Several crystal phases coexist for PT ratios of 31% to
37%, one orthorhombic and two monoclinic phases [51]. The properties of PMN-PT
are significantly enhanced near the morphotropic phase boundary. For single crystal
PMN-PT, piezoelectric coefficients of up to 2.5 nC/N have been measured close to
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Figure 6: Phase diagram of PMN-PT. For high temperatures the material is in a paraelectric
cubic phase. The value of the phase transition temperature TC to the cubic phase increases
for higher lead titanate content. For low lead titanate content the material is in a
rhombohedral relaxor phase. For high lead titanate content the material is in a ferroelectric
tetragonal phase. The dashed lines mark the morphotropic phase boundary between the
rhombohedral and tetragonal phase [50].
the morphotropic phase boundary [52].
Because PMN-PT is a mixture between relaxor PMN and ferroelectric PT it is a
typical example of a ferroelectric relaxor. The local disorder in PMN-PT is intrinsic
to the solid solution because both Mg2+ and Nb5+ ions occupy the B cation sites in
the perovskite unit cell. Adding Ti4+ ions by increasing the lead titanate content
results in a decrease in the randomly oriented local electric fields since the titanium
ions are charge neutral as B cations. Therefore the material is more ferroelectric
for a higher lead titanate content. The transition from a relaxor to a conventional
ferroelectric with increasing lead titanate concentration is continuous.
In the microscopic picture of polar nanoregions, introduced in chapter 2.3, the relaxor
state is believed to form because with lowered temperature the random fields of the
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defects are freezed and result in glass like characteristics and polarization freezing
[53]. The microscopic properties of relaxor PMN are described as follows [54, 40]:
• T & 600K: no polar nanoregions present
• T ≈ 600K: local polar nanoregions begin to form
• 600K < T < 400K: polar nanoregions are uncorrelated and dynamic
• T < 400K: interaction between the polar regions increases, a coherent glassy
phase forms.
The models of the polar nanoregions used to describe the behaviour of ferroelectric
relaxors are still incomplete and under continued discussion.
So far descriptions of the relaxational polarization dynamics in PMN-PT are based
on analogy descriptions following from random field theory of magnetic materials. A
commonly used equation which is very often applied to describe phase transforma-
tions in various systems is the Avrami equation [55, 56]:
j(t) = j0
(
t
τ
)n−1
e−a(
t
τ
)n , (11)
where j(t) is the current density, n is the dimensionality of the switching process,
τ is the characteristic relaxation time and t is the time elapsed since application
of the electric field. To describe the polarization switching kinetics in PMN-PT
the Avrami equation has been modified by replacing (t/τ)n with [ln(t/τ)]n. This
replacement describes the stretched out domain nucleation in time occuring due
to the random fields. It results in a polarization current density transient with a
stretched exponential behaviour of:
j(t) = j0
[
ln
(
t
τ
)]n−1
e−a[ln(
t
τ
)]n . (12)
The polarization transient can be calculated from the integral of the current and
follows to be a stretched power law of:
P (t) = Pinde
−a[ln( t
τ
)]n , (13)
where P (t) is the time dependence of the polarization, Pind is the total nucleated
polarization and a is an exponential factor. Accordingly in the microscopic picture,
polarization reversal occurs by the nucleation of polar clusters with a reversed
polarization in the vicinity of quenched random fields [57, 53].
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2.5.3 Lead Zirconate Titanate (PZT)
Lead zirconate titanate (Pb(Zr1−xTix)O3) (PZT) is also a ferroelectric perovskite.
Pb(Zr1−xTix)O3 is a mixture between antiferroelectric lead zirconate (PbZrO3) and
ferroelectric lead titanate (PbT iO3). The corresponding phase diagram of PZT is
shown in Fig.(7). As is visible from the phase diagram, the crystal is in a tetragonal
phase for a high lead titanate content and in a rhombohedral phase for a high lead
zirconate content. The reason for this is that the B cation in the perovskite unit
cell is occupied by either a Zr4+ or a Ti4+ ion. The Curie temperature of PZT also
depends on the zircon/titan ratio and is 230◦C for pure PbZrT iO3 and 490
◦C for
pure PbT iO3. [58] In the tetragonal phase 6 different domain states are possible.
Whereas in the rhombohedral phase 8 different domain states are possible. Near
the morphotropic phase boundary, at a lead titanate content of 0.45, PZT shows
enhanced piezoelectric properties. The enhancement of the piezoelectric properties
close to the morphotropic phase boundary is a result of the different domain states
being energetically equally favourable. Thus a maximum of 14 different domain
states is allowed. Properties of the material are commonly modified by doping PZT
Figure 7: Phase diagram of lead zirconate titanate with PC paraelectric cubic phase, FT
ferroelectric tetragonal phase, FR(HT ) high temperature ferroelectric rhombohedral phase
and FR(LT ) low temperature ferroelectric rhombohedral phase [58].
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with lanthanum. The resulting material is termed lead lanthanum zirconate titanate
(PLZT) [59].
PZT-based materials could until recently only be processed as polycrystalline ceramics
or thick and thin films. The first case of PZT single crystals was achieved only
recently [60].
2.5.4 Bismuth Ferrite (BFO)
polarization
Figure 8: The crystal structure of bismuth ferrite is shown. The ferroelectric polarization
lies along the 〈111〉 direction of the perovskite unit cell. Therefore, 8 different polarization
directions are possible [44].
Bismuth ferrite BiFeO3 (BFO) is until now the only known room temperature
multiferroic. As a ceramic it has first been investigated in 1958 [61] and is since then
one of the most widely studied multiferroic materials. Bismuth ferrite crystallizes in
a rhombohedral perovskite structure with a unit cell lattice parameter of a = 3.965 Å
and a rhombohedral angle of 89.3◦ at room temperature [62, 63]. In Bismuth ferrite
the oxygen octahedron is rotated because the ions do not fit perfectly into the
perovskite unit cell. How well the ions fit into the unit cell is commonly described
by the Goldschmid factor which is 0.88 for BFO [64].
The resistivity of a high quality bulk sample can be quite high with 1010 Ωcm and
lies in the range of a wide-bandgap semiconductor [65]. Bismuth ferrite thin films
can have relatively high conductivities due to valence fluctuations of the iron ions
(Fe3+ to Fe2+) which create oxygen vacancies [66]. The oxygen vacancies order and
build conducting channels through the film.
It toke over 30 years of research and improved sample synthesis routes to finally come
38
up with bismuth ferrite samples showing a large remanent polarization of 100µCcm−2
together with large magnetism of ca. 1µb per unit cell [67]. As is sketched in Fig.(8)
the ferroelectric polarization lies along the 〈111〉 direction of the perovskite unit
cell resulting in 8 different possible polarization directions [64]. Bismuth ferrite
is antiferromagnetic. Every spin of an iron ion is surrounded by six anti-parallel
aligned spins of the neighbouring iron ions. The spins are not perfectly anti-parallel
but slightly tilted so that a total magnetic moment is present [68]. In addition the
magnetic moments form a spin spiral along the 〈110〉 direction. Because the spin
spiral results in an averaging of the magnetization no macroscopic magnetization is
measurable in a BFO crystal. In thin films however the spin spiral can be destroyed
and therefore the magnetic moment is detectable. The ferroelectric Curie temperature
and the antiferromagnetic Neel temperature are, with TC = 1143K and TN = 643K
respectively, well above room temperature [69, 70].
Thin films of bismuth ferrite often have different properties than single crystals do.
For example epitaxial films of bismuth ferrite grown on strontium titanate experience
a compressive strain due to the lattice mismatch between the two materials. This
results in a monoclinic structure of the bismuth ferrite on strontium titanate single
crystals and can even become tetragonal below a critical film thickness of 100 nm at
room temperature [64, 71].
2.6 Applications of Ferroelectrics
Because of the high dielectric constants of most ferroelectrics they are often used as
miniaturized capacitors in industry.
Additional to their dielectric properties, all ferroelectrics are also piezoelectric. Piezo-
electrics have a wide range of applications as actuators and transducers. Today,
almost all piezoelectric materials in practical use, except quartz, are ferroelectrics.
Ferroelectric materials are also always pyroelectric and can therefore serve for exam-
ple as infrared detectors.
Ferroelectrics show strong electro-optic effects with severe temperature dependence.
Therefore they can for example be used as Pockel- and Kerr-cells [1]. Another
possible application is the use as an alternative non-volatile random access memory
technology, so called ferroelectric random access memory (FeRAMs) [27].
Last but not least, ferroelectrics can be used as miniaturized, solid state, low
power consuming, instant turn on, low vacuum requiring electron emitters [5, 14].
39

3 Ferroelectric Electron Emission
Ferroelectric electron emission (FEE) deviates from any other electron source in
many aspects. Electron emission occurs from the free surface of a ferroelectric
due to a change of the ferroelectric polarization. Ferroelectric electron emission is
distinguished with respect to the emission current in weak and strong emission. In
this chapter the principles of ferroelectric electron emission are described. After
a short introduction of the emission process in the first part the mechanisms of
weak and strong ferroelectric electron emission are described in part two and three,
respectively. The special case of ferroelectric electron emission from thin ferroelectric
films is explained in part four. Finally, some applications of ferroelectric electron
emission cathodes are described in part five.
3.1 Introduction
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Figure 9: (a) A ferroelectric crystal in equilibrium with bound charges (white) and
screening charges (yellow) visualized; (b) Band structure of a ferroelectric crystal with a
band bending at the surface. Where P is the spontaneous ferroelectric polarization, Eg is
the energy gap, and χ is the electron affinity. The asymmetry of the work functions at the
polar surfaces of a ferroelectric is visualized [9].
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Electron emission from ferroelectrics (FEE) is unlike any conventional electron
emission process. Emission occurs due to changes in the crystal lattice itself in
contrast to classical emitters where emission occurs due to changes in the electron
subsystem of the solid (see chapter 1).
Besides domain formation, the depolarization field energy in ferroelectrics can be
minimized by screening the bounded polarization charges with free charges located
close to the material surface. Hence, because a ferroelectric is insulating, the
equilibrium electron concentration in the bulk region is much smaller than the
electron concentration near the positive polar surface. Therefore, a strong band
bending occurs near the ferroelectric surface. This band bending results in different
work functions for the positive Φ+ and the negative Φ− polar surfaces as is visible in
the band structure shown in Fig.(9):
Φ+ = EG + χ−∆χ− (14)
Φ− = EG + χ+ ∆χ+ . (15)
Deviations of the spontaneous polarization from its equilibrium value, for example
due to polarization switching or the pyroelectric effect, results in a charge imbalance
∆P close to the ferroelectric surface. The charge imbalance ∆P can be balanced by
three relaxation currents which are shown in Fig.(10). An injection current Jc to the
electrode, a current Jb through the crystal bulk, and an electron emission current
into the vacuum Jem. Thus the following equation results for ∆P :
∆P =
∫ t
0
Jc dt+
∫ t
0
Jb dt+
∫ t
0
Jem dt. (16)
Figure 10: Principle of ferroelectric electron emission; (left) the bounded charges of the
polarization (white) are screened by free surface charges (green); (right) relaxation currents
after polarization change. Relaxation can occur due to a current trough the ferroelectric
JB, a current through the electrodes JC or an emission current into the vacuum Jem [26].
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The current through the bulk is much smaller than the other currents because the
conductivity of a ferroelectric is very low. Thus, Jb can be neglected for thick
crystals. As the electron emission current is a neutralizing current, compensat-
ing the charges on the ferroelectric surface, it is a transient current. It is possible
to achieve a steady electron emission by changing the polarization periodically [9, 72].
Figure 11: Top electrode geometries for ferroelectric electron emission, (a) top electrode
separated by a vacuum gap from the ferroelectric, (b) top electrode with apertures in direct
contact with the ferroelectric [26].
Two sorts of top electrodes are used to induce ferroelectric electron emission, both
are sketched in Fig.(11). In the first case (a) the ferroelectric surface is completely
uncoated. The top electrode is instead positioned in a certain distance δ from the
ferroelectric and serves also as a detector for the emitted electrons. The applied field
is oriented perpendicular to the sample surface and no tangential field components
are present. However, the vacuum gap between the top electrode and the sample
induces a drop of the applied electric field [73, 74].
In the second case (b) a top electrode with openings in direct contact with the
ferroelectric surface is used. Electrons emitted from the openings are measured by a
separate detector. In the electrode apertures only fringing electric fields from the
edges of the top electrode are present. Therefore the size of the apertures plays an
important role for the emission process [15, 75, 76].
The geometry of the top electrode strongly influences the electron emission process
[77]. In dependence of the electron emission current, the electron emission is distin-
43
guished in weak and strong ferroelectric electron emission. Strong electron emission
can only occur when the top electrode is in direct contact with the ferroelectric
surface, meaning only in top electrode geometry (Fig.(11b)).
3.2 Weak Ferroelectric Electron Emission
Figure 12: Schematic electric field lines in a vacuum gap free top electrode structure. The
electric field is applied between the structured top and the bottom electrode. The strength
of the electric field reduces for increasing distance from the electrode edges [9].
As mentioned in the previous chapter, ferroelectric electron emission is generated
due to deviations of the spontaneous polarization from its equilibrium state as an
effect of relaxation of charges screening the depolarization field. In weak ferroelectric
electron emission current densities of up to 10−7A/cm2 [8] and electron energies of
105 eV [78] have been reported.
Weak ferroelectric electron emission can be induced with both types of top electrode
geometries but the geometry with a vacuum gap is more widely used. To achieve low
operation voltages, the vacuum gap free top electrode structure has been used in this
work. As visible in Fig.(12) in the electrode structure without a vacuum gap the size
of the aperture is crucial. Because the electric field is applied between the structured
top electrode and the bottom electrode the strength of the normal field component
reduces for increasing distance from the electrode edges [73]. For large aperture
sizes the induced polarization change can be to small to produce a noteworthy
electron emission current. From electric field calculations follows that gap sizes in
the range of the emitter material thickness are necessary for polarization reversal [26].
The whole process of ferroelectric electron emission consists of three steps [79]. The
three steps are in principle shown in Fig.(13). In the first step (i) a switching voltage
is applied between the electrodes and a positive polarization pointing out of the
plane is built up. In the second step (ii) electrons flow towards the surface layer of
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Figure 13: The three steps of the electron emission process are (i) polarization switching,
(ii) build-up of screening charges, and (iii) electron emission.
the ferroelectric to screen the polarization. The screening current is called Jscre. The
screening current depends on the amount of the polarization and on the screening
ability of the system. In the third step (iii) the polarization is decreased or reversed
and due to the resulting charge imbalance at the surface, electrons are emitted. The
emission is assumed to be a tunneling process. Electrons tunnel through the potential
barrier into the vacuum. The emission tunneling current Jem is:
Jem = JscreD(E), (17)
where D(E) is the penetrability of the electrons through the potential barrier [9].
Weak ferroelectric electron emission has so far been investigated for many ferroelec-
tric crystals and ceramics (LiNbO3, LiTaO3, TGS, Ba2NaNb5O15, BaxSr1−xNb2O6,
Pb5Ge3O11, Gd2(MoO4)3, BaTiO3, and PLZT ) in the vacuum gap electrode ge-
ometry [9]. The spatial distribution of electron emission from ferroelectrics has so
far only been investigated with the help of a microchannel plate and a luminescent
screen placed with a small gap between the ferroelectric surface and the electron
detector also serving as the switching electrode [9]. With this method the ferroelectric
switching process was investigated with the three steps of polarization switching:
build-up of a nucleus with a reversed polarization, its growth through the crystal,
and a sideways motion of domain walls. Only few studies of the time dependence
of the ferroelectric electron emission have been performed so far. The influence of
the rise time of the applied field and the repetition rate have been investigated for
plasma-assisted electron emission from PLZT ceramics [9, 15].
3.3 Strong Ferroelectric Electron Emission
In strong ferroelectric electron emission the emission current is significantly larger
than in weak electron emission [10, 80]. Current densities up to 100 A/cm2 have
been reported [81, 82].
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Strong electron emission is induced by a different emission mechanism than weak
electron emission. It is initiated by the formation of a plasma near the material surface.
The surface plasma acts as additional movable electrode so that the ferroelectric
polarization is switched in a larger area. Strong emission is only accomplished for a
gap free electrode geometry because the plasma propagation is driven by horizontal
electric field components.
The plasma forms because some already present charge carriers are accelerated
parallel to the ferroelectric surface by the horizontal components of the electric field
and create additional secondary free charge carriers in an avalanching process [83].
The principle of the formation of the surface flashover is shown in Fig.(14) [84]. The
initial charge carriers can be present due to weak ferroelectric electron emission from
the ferroelectric close to the electrode edges or due to field emission from the top
electrode. Another way for a surface plasma to occur is during a field induced phase
transition from a non ferroelectric to a ferroelectric crystal phase [9].
The plasma-assisted electron emission can also be achieved with paraelectric materials
where the dielectric polarization is varied with an applied electric field. Strong electron
emission can also be operated by monopolar voltage pulses because strong emission
simply requires a polarization variation and free charge carriers [85].
The surface plasma can strongly damage the material surface and usually limits the
lifetime of the device drastically [86].
Strong electron emission was so far mainly investigated in PZT and PLZT ceramics
[11]. Some experiments were also performed with triglycine sulfate (TGS) single
crystals [8].
Figure 14: Principle of plasma-assisted electron emission. Electrons released due to weak
electron emission move along the surface of the ferroelectric material. These electrons
collide with microprotrusions on the ferroelectric surface provoking secondary electron
emission (e) and ionization (i) of the adjacent material. A surface flashover occurs and
travels along the surface.
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3.4 Ferroelectric Electron Emission from Thin Films
Electron emission from thin ferroelectric films is a promising route to decrease the
operation voltage of ferroelectric electron emitters because the voltage required to
manipulate the polarization is much lower than in bulk materials. A top electrode
structure with a vacuum gap is inappropriate for emission from thin films because
the vacuum gap acts as an additional serial capacitor increasing the voltage necessary
to achieve polarization switching in the ferroelectric film [26].
As shown in chapter 3.2, to achieve electron emission from ferroelectrics with struc-
tured top electrodes the apertures in the top electrode have to be in the range of the
film thickness [87]. This makes the preparation of the top electrodes for thin films
more challenging as film thickness is usually below 1 µm.
Previous results where achieved using mainly different compositions of PZT with
the smallest reported aperture size of about 1.5 µm and thus still larger than the
film thickness [12, 13]. It will be shown in this thesis that the electron emission from
thin films can happen due to weak and to strong ferroelectric electron emission.
3.5 Applications of Ferroelectric Electron Emission
Due to their unique emission mechanism, ferroelectric electron emitters have some
distinct and advantages properties. Ferroelectric electron emitters have an instant
turn on and require no separate activation process. They can be operated in poor
vacuum conditions up to approximately 10−3 mbar. Higher emission currents than in
most other cathode types are reached with strong ferroelectric electron emission. And,
electron emission can be induced with low operating voltages [26]. Moreover, they
are very compact in size and fully integratable into CMOS and other semiconductor
processes.
Therefore, many applications of ferroelectric electron emitters are possible. For
example ferroelectric cathodes are used for microwave generation and amplification
[6, 88]. Also, nuclear fusion was successfully triggered with a ferroelectric in a
deuterium atmosphere [89]. Quite recently, applications as ferroelectric plasma
thrusters in microsatellites were presented [90]. Pyroelectrics were also used for x-ray
and neutron generation [89]. Additionally FEE may also be used in electronics for
example in flat panel display [91].
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4 Methods of Measurement
The experimental techniques used in this thesis will be introduced in this chapter. In
the first part, the setup used for electron emission measurements will be described.
The second part explains atomic force microscopy which is used for microscopic
investigations of the emission process. Finally in the third part, methods to measure
the ferroelectric properties of materials are described.
4.1 Electron Emission Measurements
4.1.1 Vacuum System Setup
Figure 15: Schematic sketch of the vaccum chamber used for electron emission measure-
ments. The sample is placed on a sample holder which is coupled with a goniometer so
that the sample can be rotated in all directions. Two single electron detectors under an
angle of 90◦ are present to measure electron count rates. Additional, a metal plate anode
is present to measure the electron emission current with an electrometer [26].
Electron emission measurements were performed in an ultrahigh vacuum (UHV)
system which is sketched in Fig.(15). The system consists of a turbopump, an ion
getter pump and a titanium sublimation pump. Pressures of 10−11mbar can be
reached with this setup. In the vacuum chamber, the sample can be placed on a
goniometer sample holder (Panmure Instruments Ltd., United Kingdom) so that the
sample can be moved freely and rotated in all directions. Through the sample holder
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voltages up to several kV can be applied to the sample.
The electron emission could be measured with an arrangement of detectors. Two
single-electron-detectors were mounted under a 90◦ angle to each other at a distance
of 5 cm to the sample. Additionally, an anode mounted under a 30◦ angle to detector
1 was employed to measure higher emission currents exceeding 500 fA. The metal
anode could be placed directly in front of the sample.
Because the electron detectors are very sensitive, measurements are only performed
with the ion getter pump switched off. This means that during an electron emission
measurement the pressure in the vacuum chamber was approximately 10−8mbar.
These pressures are still more than sufficient for the electron emission.
All measurements were performed at room temperature.
4.1.2 Measurement of Electron Current and Electron Energy
Figure 16: One of the two single electron detectors is equipped with an additional metal
grid in front of the detector to perform energy resolved electron emission measurements.
[26]
The electron emission was measured with channel electron multipliers (MD-402,
Amptek Inc.,U.S.A.). In the electron multipliers a single electron induces secondary
electrons by hitting a ceramic serving as a secondary emissive material. The electrons
are accelerated in the detector tube and the secondary emission is repeated several
times. The resulting large amount of electrons are collected by the anode. A voltage
pulse of 5 V is created for a duration of 200 ns as an output signal per detected
particle.
The electron avalanche can also be triggered by ions hitting the starting electrode.
Hence, the electron detector can be operated in an ion detection or in an electron
detection mode. These two detection modes are distinguished by an additional input
voltage applied in front of the detector aperture. A voltage of +500 V is used for
electron detection and -2400 V for ion detection. The electron detector can also
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be triggered by photons causing photoemission. Therefore, all measurements were
performed in the dark.
Several particles entering the detector tube simultaneously cannot be distinguished
by the system. This leads to nonlinearities in the detector efficiency for count rates
exceeding 106 s−1.
To measure the kinetic energy of the emitted electrons a metal grid was placed in
front of detector 2 as sketched in Fig.(16). The metal grid has a mesh periodicity
of 100µm. The grid could be biased with a negative DC voltage Ugrid so that only
electrons with sufficient kinetic energy are able to overcome the repelling force of the
grid. With this setup the maximum kinetic energy of the emitted electrons could be
determined.
For more details on the emission measurement setup see the work of H. Klumbies
[92].
4.2 Atomic Force Microscopy
x-y-scanner
z-piezo
sample
cantilever and tip
laser
photodiode
feedback 
electronic
Figure 17: Principle setup of an atomic force microscope. The position of a laser beam
reflected from the rear side of the cantilever is measured with a four-quadrant diode.
The information of the cantilever deflection measured with the photodiode is used in the
feedback loop to adjust the z position of the sample with the z-piezo. Additional the
sample could be moved in the x,y-plane with the x-,y-scanners.
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The atomic force microscopy (AFM) was invented 1986 [93] and was first commer-
cially available in 1989. An AFM is a versatile tool for measuring and manipulating
matter at the nanoscale.
The AFM consists of a cantilever, which is typical silicon, as a spring hanger with
a 1 to 100 nm sharp tip at one end. When the tip is brought close to a sample
surface forces between the tip and the sample lead to a deflection of the cantilever
[94, 95]. Depending on the distance, the forces on the cantilever can be distinguished
in long-range forces and short-range forces. The long range forces are attractive,
whereas the short range forces can be attractive or repulsive. The short range forces
are describable with a Lennard-Jones potential [96]:
V = 4ε
[(σ
r
)12
−
(σ
r
)6]
, (18)
where σ is linked with the equilibrium position r0 = 2
1/6σ of the potential. The
first term is repulsive and occurs due to an orbital overlap while the second term is
attractive and occurs due to a dipole-dipole interaction. For larger distances to the
sample (r > 20nm) the Lennard-Jones potential drops to zero. Whereas, long-range
forces, like electrostatic and magnetic forces, are still measurable at distances of over
100 nm.
The cantilever deflection is most frequently measured optically by a laser beam
focused on the rear side of the cantilever and detection of the reflected beam with a
four quadrant photodiode [97, 98]. To determine the cantilever deflection, the sum of
the intensity of the two top quadrants is subtracted from the sum of the two bottom
quadrants. In contrast, the cantilever deflection can also be detected with the help of
an interferometer and a photodiode. In this setup the laser beam is focussed on the
rear side of the cantilever through a glass fiber. At the end of the fiber the reflected
light interferes with the incident light resulting in a phase shift of the light. This
phase shift is measured as a change in intensity with the photodiode and corresponds
to the cantilever deflection [99].
With a piezoelectric tube that can move the sample in z-direction and a feedback
loop the tip height can be adjusted to maintain a constant force between the tip and
the sample. Therefore the movement of the z-scanner reveals the sample topography
and collisions of the tip with the sample surface can be avoided. To get a scan of
the sample surface the sample or the tip is moved in x-, and y-direction with two
additional piezo crystals [100]. The principle setup of an AFM with four quadrant
diode for cantilever deflection is shown in Fig.(17).
The two possible operation modes of an AFM are contact mode and non-contact
mode. In contact mode the tip is brought in direct contact with the sample surface.
Repulsive forces lead to a cantilever bending and the tip deflection is used as a feedback
signal. Through the direct contact of the tip with the sample, additional electrical
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measurements like conductivity measurements [101] or piezoresponse measurements
(see chapter (4.3.2)) at the sample are possible. A disadvantage of the contact method
is that the direct contact of the tip with the sample may change the sample or the
tip. Nanoparticles or weakly bonded molecules can not be investigated in contact
mode. In non-contact mode the cantilever is not in contact with the surface. Instead
the cantilever is close to the sample surface and attractive forces causing a cantilever
deflection are present. In dynamic non-contact mode the cantilever is excited to
oscillate close to its resonance frequency. The long range forces of the sample
acting on the cantilever decrease the oscillation amplitude and shift the resonance
frequency. The feedback loop system maintains a constant amplitude or frequency
of the cantilever oscillation by adjusting the tip to sample distance. Measurement of
the tip to sample distance provides the sample topography. In frequency modulation
mode changes in the modulation frequency provide the information of the tip-sample
distance. In amplitude modulation mode changes in the oscillation amplitude provide
the information [102]. An additional advantage of non-contact mode is that it
provides a higher resolution than contact mode [103].
AFM measurements in this work were performed with a Topometrix Explorer AFM
and with an Omicron UHV AFM.
4.3 Ferroelectric Properties
4.3.1 Ferroelectric Hysteresis
The macroscopic behavior of the ferroelectric polarization was investigated by ferro-
electric hysteresis measurements (with a TF Analyzer 2000, Aixacct GmbH, Ger-
many). The measurement principle is based on a virtual-ground circuit which is a
further development of the Sawyer-Tower circuit [104].
A triangular voltage is applied between top and bottom electrode of the ferroelectric
and the current flow through the sample is recorded simultaneously. The polarization
hysteresis loop is calculated from the current measurements. The polarization P
follows from a model of a plate capacitor as the integral of the current I divided by
the area A of the capacitor:
P =
1
A
·
∫
Idt (19)
4.3.2 Piezoresponse Force Microscopy
Piezoresponse force microscopy (PFM) is an AFM technique in contact mode used
to image ferroelectric domains [106, 107, 108, 109]. A voltage is applied between
the bottom electrode of the sample and a conductive AFM tip and the mechanical
deformation of the sample due to the converse piezoelectric effect is detected with
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Figure 18: Principle of Piezoresponse Force Microscopy. A voltage is applied between
the AFM tip in contact mode and the sample bottom electrode. The sample deformation
due to the converse piezoelectric effect which is influenced by the polarization direction
is measured. (a,b) For a polarization parallel to the electric field the d33 component of
the piezoelectric tensor induces an expansion or contraction of the sample in z direction.
(c,d) For a polarization perpendicular to the electric field in x-direction a shear motion in
x direction is induced in the sample due to the d15 piezoelectric tensor component. (e,f)
For a polarization perpendicular to the electric field in y-direction a sample motion in
z-direction is induced due to the d15 component of the piezoelectric tensor. [105]
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the tip. The deformation ∆x of the sample volume is linked with the piezoelectric
tensor d (Voigt-notation [110]) to the applied electric field E:
∆xj = dijEi (20)
with i=1..3 and j=1..6 [111].
It is possible to investigate the polarization orientation with PFM because the
piezoelectric response depends on the polarization orientation. This connection of
the piezoelectric response and the ferroelectric polarization direction is shown in
Fig.(18). Part (a) and (b) of Fig.(18) show the case for the polarization orientation
in z-direction (out-of-plane), meaning perpendicular to the sample surface. There the
d33 component of the piezoelectric tensor leads to a sample deformation in z-direction
which can be detected with the AFM tip. If the polarization is oriented within the
surface plane (in-plane) and perpendicular to the cantilever the d15 component of
the piezoelectric tensor induces a shear motion of the sample. The shear motion is
transmitted to the AFM cantilever. This case is shown in Fig.(18) (c) and (d). If the
in-plane polarization is oriented parallel to the cantilever axis as sketched in Fig.(18)
(e) and (f) the deflection of the sample through the d15 component leads to a buckling
of the cantilever. This cantilever buckling superimposes the out-of-plane polarization
signal. To distinguish between the out-of-plane component of the polarization and
the in-plane polarization component the sample can be rotated by 90◦ [112]. By
default the in-plane component can be neglected because the contribution of the
out-of-plane component is much higher.
In practice, the piezoresponse is very small and therefore difficult to detect. That
is why an AC voltage is applied between the tip and the sample bottom electrode
and the cantilever oscillation is detected with a lock-in technique. Typically the
amplitude of the applied AC voltage is between 0.5 V and 5 V and the frequency
between 5 kHz and 30 kHz. Amplitude and phase of the cantilever oscillation is
detected. The PFM amplitude gives information about the polarization magnitude
and the PFM phase gives information about the polarization direction. To obtain
quantitative values of the polarization with PFM is difficult. A complete knowledge
of the crystal orientation and the piezoelectric coefficients would be necessary [113].
With PFM it is also possible to manipulate the polarization orientation of the sample.
For applied voltages exceeding the coercive voltage polarization switching below the
tip is possible. Also, local piezoelectric hysteresis curves can be measured with an
AFM tip by applying a variable DC voltage in addition to the PFM voltage [114].
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Part III
Results
5 Electron Emission from Ferroelectric Thin Films
One possible way to decrease the operation voltage of ferroelectric electron emitters
is the use of thin film emitters. The usage of thin films as electron emitters makes
the preparation of the top electrode more challenging since the apertures in the top
electrode have to be in the range of the film thickness. In this chapter, a simple but
effective way to prepare a nanometer-sized top electrode structure in thin films is
demonstrated. The successful electron emission with this top electrodes from PZT
and BFO thin films is demonstrated. For the thin films, operation voltages as low
as 10 V were found. In PZT thin films the polarization switching with this electrode
structures is investigated. For BFO thin films a plasma-assisted electron emission
process has been observed.
5.1 Electron Emission from PZT Thin Films
5.1.1 Used Samples
PZT is, as a complex ternary system, difficult to fabricate. A particular difficulty
is the fact that the properties of PZT strongly depend on the composition. A
widespread fabrication method for PZT thin films is the use of multitarget reactive
sputtering. In this method, independently powered, metallic targets of Pb, Zr, and
Ti are used as sources for the sputtering process.
In this work thin Pb(Zr0.4Ti0.6O3) films have been used. The films were prepared
with a thickness of 600 nm by multitarget sputtering.
Additional to the composition of the PZT, the deposition process is also highly
sensible to the bottom electrode material. Here a conductive BaPbO3 oxide bottom
electrode with a thickness of 30 nm was used. In contrast to a metal electrode, the
use of an oxide bottom electrode significantly reduces the fatigue of the ferroelectric
properties.
The PZT/BaPbO3 sample stack was prepared on silicon, by the Group of G. Gerlach
from the University of Technology Dresden [115, 116]. The complete sample structure
used is visible in Fig.(20).
5.1.2 Top Electrode Preparation
To induce electron emission from thin films the size of the top electrode aperture has
to be in the range of the film thickness as explained in chapter 3.4. For ferroelectric
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Figure 19: Preparation steps of the top electrode structure on ferroelectric thin films. (a)
deposition of a monolayer of polystyrene beads on the film (b) shrinking of the beads in an
oxygen plasma (c) evaporation of a gold layer (d) removing of the beads in an ultrasonic
bath. These four preparation steps result in a metal top electrode with regularly patterned
apertures in the nanometer regime. [26]
films with a thickness of a few hundred nanometers this means that the width of the
apertures in the top electrode has to be in the nanometer regime.
To create a top electrode structure with nanometer-sized apertures an etched mono-
layer of polystyrene beads was used as a shadow mask for gold evaporation. The
top electrode structure is achieved in four main steps which are sketched in Fig.(19)
(a)-(d):
• (a) A monolayer of polystyrene spheres with a diameter of 633 nm (from Sigma
Aldrich GmbH, Germany) is distributed on the film surface.
• (b) The spheres are etched for 19 minutes in an oxygen plasma, with an oxygen
pressure of 2 · 10−1 mbar, resulting in reduced sphere diameters of 400 nm
while the mean position of the spheres remains.
• (c) A 70 nm thick gold layer is evaporated on top. For better adhesiveness of
the gold layer to the PZT surface, a 5 nm thick chromium layer is evaporated
between the gold and the PZT.
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Figure 20: Wiring scheme for electron emission measurements and sample structure
consisting of a 600 nm thick PZT film (yellow) as the ferroelectric electron emitter with
a BaPbO3 bottom electrode (green) on silicon (grey). The top view represents an AFM-
image of the structured gold top electrode with a gold film thickness of 70 nm. To induce
electron emission an AC voltage is applied to the bottom electrode of the sample while the
top electrode is grounded. The green arrows indicate the emission from the apertures.
• (d) Afterwards, the spheres are removed by cleaning the samples for 7 minutes
with extran in an ultrasonic bath. The result is a continuous metal surface
containing patterned 400 nm wide apertures, which are arranged in a regular
way with a density of approximately 3 apertures per µm2.
An AFM picture of the top electrode structure is shown in Fig. 20. In the AFM
picture the resulting regularly arranged aperture structure is visible. With this
electrode preparation method it is possible to continuously tune the aperture size in
the top electrode by altering the etching time or using different starting diameters of
the spheres. Thus, the optimum aperture diameter can be created for any emitter
thickness.
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5.1.3 Switching of Ferroelectric Polarization
The macroscopic behavior of the ferroelectric polarization in the PZT thin films was
investigated by ferroelectric hysteresis measurements (see chapter 4.3.1). A triangular
voltage was applied between the top and the bottom electrodes of the sample and
the current flow through the sample was recorded simultaneously. The polarization
hysteresis loop was calculated from the current measurements. A curve obtained
for a maximum voltage of 20 V and a frequency of 100 Hz is shown in Fig. 21.
Polarization switching takes place at voltage values of -5 V and 4 V indicating a
ferroelectric behavior of the thin film samples.
However, for a detailed understanding of the electron emission process it is nec-
essary to not only investigate the polarization switching for the sample volume
below the electrode, but also to obtain information on the polarization state within
the apertures for different voltages applied to the emitter structure. In order to
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Figure 21: Ferroelectric hysteresis curve of the PZT film with a continuous electrode for a
cycling frequency of 100 Hz and a maximum voltage of 20 V. The coercive voltage equals
-5 V and 4 V.
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accomplish this, a DC bias was applied to the top electrode for 10 s, whereas the
bottom electrode was put on ground potential. Subsequently, the ferroelectric domain
structure was imaged by means of Piezoresponse Force Microscopy (PFM) using a
Topometrix Explorer AFM in combination with a Stanford Research System SR830
lock-in amplifier. The amplitude and frequency of the applied PFM voltage were 2
V and 20 kHz, respectively.
The phase of the PFM-signal carries information on the polarization orientation. The
PFM phase is shown in Fig. 22 a)-d) for the polarization component perpendicular
to the sample surface. The electrode area is designated in yellow. As a starting
point, a negative bias of -20 V was applied to the top electrode, which results in a
polarization pointing upwards for most of the free surface area as can be seen in
Fig. 22 a). Subsequently, the application of a positive voltage of +16 V leads to
a reorientation of the polarization to a downward direction in some regions of the
700 nm
P up
P down
Electrode area
b) 46 % P up
c) 29 % P up
700 nm
d) 17 % P up
700 nm
a) 76% P up
700 nm
+16 V
+ 18 V
+ 20 V
-20 V
700 nm
Figure 22: PFM phase image of the out-of-plane polarization component for different
poling voltages of (a) -20 V, (b) +16 V, (c) +18 V, and (d) +20 V applied to the top
electrode. An increasing fraction of the free surface area is switched for rising magnitudes
of the poling voltages. The respective topography which was measured simultaneously, is
applied as a mask (yellow) to the PFM pictures.
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apertures, which are mostly located close to the electrode edges (Fig. 22 b)). For
larger voltages of +18 V and +20 V an increasing fraction of the free surface area
shows the reversed domain state (Fig.22 c) and d)). In more precise terms, for a
voltage of -20 V applied to the top electrode 76 % of the polarization and for a
voltage of +20 V 17 % of the polarization is pointing upwards. Though different
regions of the top electrode are shown in the images of Fig. 22, they represent the
general behavior of the polarization in the free surface region.
This experiment clearly shows, that a voltage applied between the electrodes also
affects the polarization in the free surface region and the thin gold bridges are
sufficiently conductive to enable a polarization reversal in the apertures. Thus, the
aperture diameter is sufficiently small to initiate an electron emission from these
structures. Nevertheless, higher voltages are required to switch the polarization in the
free surface region than below the top electrode. This is caused by the distribution
of the electric field in these structures. The vertical field strength strongly decreases
for an increasing distance to the electrode edge.
5.1.4 Electron Emission Measurements
Electron emission measurements were performed under UHV conditions as described
in chapter 4.1. In order to achieve a steady electron emission, the polarization was
switched periodically by the application of an AC voltage to the bottom electrode
of the sample while the top electrode is grounded (Fig.20). For all measurements a
square wave voltage with a frequency of 1 kHz and a duty cycle of 50 % was used.
The emitted electrons were detected with a single electron detector.
As a starting point, the emission process was investigated for moderate excitation
voltages U0 < 20 V. The recorded electron count rate in dependence of the voltage
amplitude U0 can be seen in Fig. 23. Each data point was averaged over 100 seconds
and the error bar represents the standard error of the mean. Obviously, the emission
process starts at voltages as low as 10 V and increases for rising values of U0 up to
several thousand counts per second. In this voltage regime the emission process is
reproducible for several hours and the dielectric properties of the thin film samples
remain unchanged.
However, after the application of voltages larger than 20 V, the sample resistance
degrades from > 20 MΩ to 4 MΩ. The black curve in Fig.(24) represents the count
rate obtained with the single electron detector for excitation voltages up to 60 V.
It is clearly visible that the onset of the emission is shifted towards 18 V. This is
caused by the increased sample conductivity, which leads to a voltage drop between
the electrodes and reduces the voltage applied to the ferroelectric as compared to
the case of a non-degraded sample as shown in Fig.(23). Nevertheless, the recorded
signal increases up to 5 · 105 counts/s for voltages of 55 V.
It has to be noted that the single electron detector shows saturation for high signal
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Figure 23: Dependence of the electron emission count rate recorded with a single electron
detector on the applied excitation voltage amplitude below 20 V. The emission starts at a
voltage of 10 V which is higher than the coercive voltage of the film.
levels and large count rates exceeding 106 s−1 are not measured reliably. Thus, the
electron emission was recorded by a different setup for large signals. A metal plate
was positioned close to the sample surface and the emission current hitting this
anode was measured directly by means of an amperemeter (Keithley 617) with a
resolution of ≈ 500 fA. The obtained emission current in dependence of U0 can be
seen in Fig.(24). The emission current is below the resolution limit of the ampereme-
ter for U0 < 30 V. But for larger voltages a strong signal enhancement is clearly
visible, resembling the count rate recorded by the detector. The maximum current
achieved for an excitation voltage of 60 V was as large as 0.3 nA. This current value
corresponds to a current density of 3 · 10−8 Acm−2 taking the electrode size of 1 mm2
as the active area. The operation of the cathodes in this voltage regime drastically
reduces the sample lifetime down to 106 switching cycles.
A very important property of a cathode is the kinetic energy of the emitted electrons.
To access this parameter, a metal grid with a mesh size of 100 µm was positioned in
front of the detector aperture and subsequently biased with a negative DC voltage
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Figure 24: Dependence of the electron emission count rate measured with a single electron
detector (black curve) and electron emission current obtained with an amperemeter (red
curve) on the voltage amplitude U0 applied to the bottom electrode for a square wave
voltage with a frequency of 1 kHz.
Ugrid. Therefore, only electrons with a sufficient kinetic energy are able to overcome
the repelling force of the grid and pass through to the detector. As the detector with
the attached metal grid is positioned several cm away from the sample, the negative
potential of the grid does not affect the polarization state of the sample at all.
Fig.(25) a) shows the measured electron count rate as a function of Ugrid for two
different excitation voltages U0 = 43.6 V and 32.6 V and an excitation voltage
frequency of 1 kHz. The emission signal decreases continuously for a rising negative
grid voltage, which indicates a broad energy distribution of the emitted electrons in
the eV regime.
The maximum kinetic energy Ekin(max) corresponds to the lowest value of Ugrid for
which no more electrons are detected. Obviously, this value is always smaller than
the amplitude of the applied excitation voltage, as can be seen in Fig. 25 b), where
the extracted value of Ekin(max) is shown for different excitation voltages. Moreover,
a linear dependence between the maximum kinetic energy and U0 is revealed with
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Figure 25: (a) Energy distribution of the emitted electrons measured by the application
of a repulsive DC voltage Ugrid to a metal grid in front of the single electron detector for
two different excitation voltages U0. Figure (b) shows the maximum kinetic energy of the
emitted electrons as a function of the applied excitation voltage and the corresponding
linear fit.
Ekin(max) = 0.9U0 − 5.4. The zero point corresponds to the lowest energy required
to release the electrons from the sample surface and therefore represents a kind of a
work function for the electron emission process. This extracted value of about 5 eV
is close to the voltage regime, where the electron emission is initiated as can be seen
in Fig. 23.
Moreover, the energy resolved measurements reveal that the kinetic energy of the
emitted electrons can be tuned by the applied excitation voltage.
Bringing all the experimental findings together reveals the following picture of
the emission process from the PZT thin film samples. The emission is initiated
for voltages of about 10 V. This is well above the coercive voltage of 5 V of the
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films which is required to switch the polarization in the sample volume below the
gold top electrode. But it is in the voltage regime where polarization reversal in
the free surface region starts to take place. Larger excitation voltages result in an
increased area showing the switched polarization state and therefore a larger area
from which electron emission is originating. Accordingly, the recorded emission
current is strongly enhanced for rising voltages. The reduced sample lifetime for
emission voltages > 20 V is most likely a matter of insufficient sample quality, which
leads to an increased conductivity and eventually to a complete short circuit of
the emitter structure. For samples showing a higher electric strength and a longer
lifetime higher emission currents are easily achievable. During all experiments no
indications of the formation of a surface flashover plasma could be identified. The
sample surface remains undamaged for the entire cathode lifetime and the electron
energy is determined by the excitation voltage only and not by any additional electric
fields, which may be caused by accumulation of free charges in a surface plasma.
Accordingly, the measured emission of electrons is weak ferroelectric emission.
5.1.5 Summary Electron Emission from PZT thin films
In conclusion, electron emission from thin ferroelectric Pb(Zr0.4Ti0.6)O3 films was
demonstrated in this chapter. A novel method of top electrode preparation for
ferroelectric electron emission has been introduced. The structured top electrodes
prepared on the PZT films exhibited nanometer-sized regularly arranged apertures.
The emission current was measured under UHV conditions by both a single electron
detector for small emission currents and an amperemeter for larger currents. Emission
current densities of up to 3 · 10−8A/cm2 for pulsed excitation voltages of 60V have
been reached. Nevertheless, the emission starts at switching voltages as low as 10V .
The voltage dependent polarization state within the emission apertures was imaged
using piezoresponse force microscopy and revealed that an increased fraction of the
free surface area is switched by an increased applied voltage. This shows that the
emission process is strongly correlated to the switching of the ferroelectric polarization.
Moreover, with the help of a metal grid in front of the detector the maximum kinetic
energy of emitted electrons was investigated and found to be limited by the excitation
voltage only.
The successful electrode preparation and electron emission from PZT thin films at
ultra-low excitation voltages demonstrates a significant improvement for thin film
electron emitters.
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5.2 Electron Emission from BFO Thin Films
5.2.1 Sample Preparation
The used bismuth ferrite thin films were prepared with pulsed laser deposition (PLD)
in the group of R. Ramesh at the University of California in Berkeley. The films were
prepared on stoichiometric, 500µm thick, (001) strontium titanate single crystals.
As a conductive bottom electrode a 20nm thick SrRuO3 thin film was used between
the strontium titanate substrate and the BFO film. The thickness of the BiFeO3
films was 100nm.
Just like for the PZT films, the top electrode of the BFO films was prepared with
the help of a monolayer of polystyrene beads used as a shadow mask during the gold
evaporation (see chapter 5.1.2). The BFO films are much thinner, compared to the
PZT films, so that an even smaller aperture width is required for electron emission
from the BFO films. That is why, in contrast to PZT films, beads with a starting
diameter of 303nm were distributed on the sample surface. Subsequently, the beads
were etched in an oxygen plasma for 11 minutes reducing the bead diameter to
120nm. The resulting aperture width of 120nm is close to the film thickness of
100nm. A 60nm thick gold electrode was evaporated on top with a 5nm chromium
polystyrene beads
TEM grid
gold evaporation
SrRuO3
SrTiO3
BiFeO3
Figure 26: The top electrode preparation for BFO thin films is performed with the help of
an etched monolayer of polystyrene beads used as a shadow mask during gold evaporation.
A TEM grid is used as an additional shadow mask during top electrode evaporation
resulting in several small area electrodes with round apertures on a sample.
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interlayer for adhesion.
Additional to the etched polystyrene beads, a TEM grid was used as a shadow mask
during the gold evaporation to reduce the area of the top electrode, as is visible in
Fig.(26). This resulted in a total area of a single top electrode of approximately
8.1 · 10−3mm2. This small area of the top electrode is necessary because the BFO
films show conductive channels through the film which easily short circuit the films
and thus prevent electron emission. To reduce the probability of short circuits small
electrode areas are needed.
5.2.2 Hysteresis Measurements
Figure 27: Hysteresis of a bismuth ferrite thin film measured with PFM. The loop reveals
coercive voltages of +1V and −2V [42].
Due to the conductive channels in the bismuth ferrite thin films macroscopic
hysteresis measurements at the films are quite challenging. Leakage free hysteresis
measurements of the films can only be performed if the size of the investigated area
is very small. On that account, ferroelectric polarization reversal of the BFO films
has been investigated with the help of piezoresponse force microscopy. Therefore,
the cantilever was positioned directly on to the film surface and a voltage ramp was
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applied between the conductive tip and the sample bottom electrode. The phase of
the z-signal is recorded for a hysteresis frequency of 10 mHz. This method leads to a
contact area that matches the tip radius of several tens of nanometers.
The obtained hysteresis loop is shown in Fig.(27). It reveals a coercive voltage of
+1V and −2V respectively.
5.2.3 Electron Emission Measurements
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Figure 28: Electron emission from bismuth ferrite thin films measured with a single
electron detector. The emission starts at an excitation voltage of 13 V which is well above
the coercive voltage of the thin films. High emission count rates exceeding 18,000 counts
per second are reached for excitation voltages of 17 V.
A first measurement of the electron emission from BFO thin films performed with the
single electron detector is shown in Fig.(28). A square wave voltage with a repetition
frequency f of 1 kHz was applied to the bottom electrode of the sample structure
while the top electrode was grounded. The duty cycle of the excitation voltage was
50 %, meaning the negative T− and the positive T+ duration of the applied voltage
were equal. As is visible from Fig.(28) the emission starts at 13 V. With that, the
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Figure 29: Electron emission from BFO measured with a single electron detector (black
curve) and with a metal plate (red curve). Emission currents of up to 100 pA were measured
with the metal plate setup.
onset of the emission is above the coercive voltage of 2 V of the films. The emission
count rate increases with increasing voltage and reaches, at a voltage amplitude of
17 V, an emission count rate exceeding 18,000 counts per second.
Yet the BFO films are not suitable to withstand the applied voltages. During the
first emission measurement the resistivity of the investigated sample decreased from
several MΩ to 60 Ω.
A comparison with electron emission measurements from thin PZT films (see chapter
5.1.4) reveals that the onset voltage of the emission is in the same range as for the
PZT films. At voltage amplitudes of 17 V an emission count rate of over 18,000
counts per second is reached in the BFO thin films, whereas in PZT at 17 V only an
emission count rate of 4000 counts per second could be reached. Such huge differences
in the emission cannot be attributed to the slightly different remanent polarizations
of the two different materials alone. The much higher emission rate from the BFO is
even more surprising considering the low resistivity of the BFO film and the much
smaller top electrode area on the BFO films compared to the PZT samples.
70
0 3 6 9 1 2 1 5
0
1 0 0
2 0 0
3 0 0
4 0 0
co
un
ts 
(s-
1 )
t  ( s )  
  f = 1 0 0  m H z ,  U 0 = 1 3 2  V ,  T + = T -
- 1 5 0
- 1 0 0
- 5 0
0
5 0
1 0 0
1 5 0
 vo
lta
ge
 (V
)
Figure 30: The black curve shows the time-dependent electron emission from bismuth
ferrite. The red curve shows the characteristics of the applied voltage. It is visible that
electron emission occurs after a switching to negative applied voltages as expected from
ferroelectric electron emission.
In a second measurement, shown in Fig.(29), a BFO film with a constant resistivity
of 145 kΩ during the emission measurements has been used. Here the onset of the
emission is found at 90 V. The emission increases with increasing voltage and reaches
at 170 V an emission count rate of 400,000 counts per second.
Additional measurements of the emitted current were performed with the help of a
metal plate in front of the sample. Emission currents up to 100 pA could be observed.
There seems to be a decrease in the sample emission during the measurements
with the metal plate and with the electron detector pointing to a very unstable
emission process. During the whole emission process a very unstable emission is
found especially in comparison to the stable emission from PZT thin films.
For a contacted electrode area of 0.01 cm2 the maximal measured electron current of
100 pA corresponds to an emission current density of more than 10−8A/cm2. This is
in the same order of magnitude as the emission from PZT at excitation voltages of
60 V. Therefore, for higher excitation voltages smaller emission currents are reached
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Figure 31: Scanning electron microscopy (SEM) picture of bismuth ferrite thin films after
plasma-assisted electron emission. The damaging influence of the surface plasma on the
sample is clearly visible. The left picture shows an overview over the entire electrode. The
right picture shows the electrode region marked by the red arrow in more detail. As is
visible a melting of the top electrode structure has occured during the emission.
with the BFO films than with the PZT films. So the emission from PZT increases
more strongly with the excitation voltage than the emission from BFO.
To better understand the unusual emission behaviour of BFO thin films emission
measurements with a higher time resolution were performed. In Fig.(30) the emission
from the BFO sample for an applied voltage amplitude U0 of 132 V and a repetition
frequency f of 100 mHz has been measured as a function of time. The applied square
wave voltage is sketched as a solid red line in the figure. From this measurement
curve it is visible that emission occurs during negative applied voltages. This means
emission occurs after the polarization is switched to pointing downwards. This is an
additional proof that the measured electron emission is indeed ferroelectric electron
emission. Unusual in the measurement of Fig.(30) is the long time required for the
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whole emission process to finish. From other materials it is known that the emission
is finished after some hundred ms at the latest [26, 9]. But in the measurement of
Fig.(30) a total emission time of 6 s is found. Such long emission times point to an
emission process which is different from weak ferroelectric electron emission.
An additional observation during electron emission from BFO thin films gives an
explanation for the unusual emission behaviour. During emission the pressure in
the vacuum chamber increases significantly from 10−8mbar to 10−6mbar. This
behaviour is a hint that a plasma has been initiated during the emission process.
The ignition of a plasma is a process typical for strong ferroelectric electron emission
(see chapter (3.3)).
Investigation of the samples after electron emission reveals a severe damage of the
sample surface. The damage is already visible to the naked eye. For better visibility
a measurement with a scanning electron microscope (SEM) has been performed.
As can be seen from the SEM picture in Fig.(31) the sample surface is cracked
and even parts of the sample are torn away completely. A closer look at the top
electrode structure shows that the top electrode has melted during the emission and
the apertures are vanished in many places. Such strong damage of the sample surface
confirms the theory of a plasma-assisted electron emission from the bismuth ferrite
thin films.
A plasma-assisted electron emission would also explain the high emission currents
measured for voltages up to 17 V. The decrease of the emission current for higher
voltages is probably due to the increasing destruction of the top electrode structure.
Also the unusual long emission times of 6 s are clearly understandable in a plasma-
assisted ferroelectric electron emission picture as will be shown in the next chapter.
5.2.4 Discussion Emission Measurements
It was shown in chapter (5.2.3) that electron emission from 100 nm thin bismuth
ferrite films is plasma-assisted. A flashover is initiated by the emission of electrons
from the apertures due to weak ferroelectric electron emission. As the aperture
widths on the bismuth ferrite thin films are very small large horizontal components
of the electric field are present in the apertures. Due to the horizontal electric field
components the electrons are accelerated along the film surface. The electrons then
multiply in an avalanche process while traversing the insulator surface. The electron
avalanche can occur due to secondary electron emission at the surface or to an
electrode cascade causing desorption in a surface layer. The desorped gas is then
ionized causing a surface plasma at the bismuth ferrite surface. This vaporization of
the insulator surface has been observed in the SEM pictures of the bismuth ferrite
surface after emission.
The surface plasma now acts as an additional electrode so that in an even larger
surface area the polarization is switched and electrons are emitted. Therefore, much
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Figure 32: The data points show the decay of the electron emission count rate with time
after the switching to negative applied voltages of Fig.(30) in more detail. The red curve
shows a fit of the data points with an exponential decay following from the rate equation
of the surface plasma. A characteristic plasma life-time of 1.29 s is found from the fit.
higher electron emission currents can be reached as has been observed in the electron
emission measurements of Fig.(28).
The characteristic properties of the surface plasma can be deduced from the per-
formed investigations.
From the damaged surface area of the sample the minimal size of the surface plasma
can be deduced. With this, a size of the surface plasma of approximately 3mm2 is
found.
The life-time of the plasma can be determined from the measurements of the time
dependence of the electron emission shown in Fig.(30). First the plasma ignites due
to weak ferroelectric electron emission during switching to negative applied voltages.
Because the plasma activating weak ferroelectric electron emission is finished after a
few milliseconds the plasma mode starts to vanish almost instantly after the voltage
switching. The course of the decay of the plasma mode, and with that of the electron
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emission with time, is shown in Fig.(32). Fig.(32) shows the emission count rate as a
function of time after switching to negative voltages as measured in Fig.(30).
The plasma decay can be described with a rate equation. The change of the density
of charges in the excited state dnc
dt
equals the depopulation of the density −nc
τ
. In a
simplified picture, depopulation of the plasma occurs mostly due to recombination of
the charge carriers. Recombination can occur due to different processes e.g. radiative
recombination, electron capture, and recombination at the solid surface. The rate
equation:
dnc
dt
= −nc − b
τ
(21)
can be solved with an exponential decay of the charge density n:
nc = ae
− t
τ + b (22)
with τ the characteristic plasma life-time and a, b constants. A fit of the measured
emission decay with the exponential decay function is performed in Fig.(32). The
exponential decay describes the decay of the number of measured electrons satisfac-
torily. This is a strong indication that the plasma decay indeed occurs mainly due to
recombination processes. From the fit a characteristic life-time τ of 1.29 s is deduced
for the plasma.
The deficient electric strength and the tendency to plasma-assisted electron emission
shows that bismuth ferrite is not a very applicable electron emitter. Due to the
plasma mode, emission from bismuth ferrite is unstable and destructive for the
emitter.
5.2.5 Summary Electron Emission from BFO thin films
In conclusion, electron emission from 100 nm thick BiFeO3 films was demonstrated.
Just like the PZT films, the BFO films were prepared with a structured top electrode
with nanometer-sized apertures. The top electrode structure was prepared with the
help of a monolayer of etched polystyrene beads serving as a shadow mask during
gold evaporation. The emission current was measured under UHV conditions by both
a single electron detector for small emission currents and an amperemeter for high
emission currents. The emission process sets in at voltages exceeding the coercive
voltage of the BFO thin films. Emission currents of up to 100 pA have been reached
for pulsed excitation voltages of 160 V. For voltages below 20 V the emitted current
is much higher than for PZT films at similar excitation voltages. This, a strong
damage of the sample surface after emission, and an increased pressure in the vacuum
chamber during emission indicates that the electron emission from the BFO films is
plasma-assisted. This is in contrast to the weak electron emission process occuring in
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the PZT thin films. The strong sample damage due to the plasma formation and the
unstable emission makes BFO unfavourable for practical electron emission sources.
5.3 Summary Electron Emission from Thin Films
Electron emission from two different ferroelectric thin films has been demonstrated.
On the one hand from the well known ferroelectric Pb(Zr0.4Ti0.6)O3 and on the other
hand from the multiferroic BiFeO3. To induce electron emission top electrodes
with apertures in the range of the film thickness are required. To achieve this a
novel method of top electrode preparation has been introduced. With the help of a
monolayer of etched polystyrene beads as a shadow mask during electrode evaporation
regularly arranged apertures with tunable aperture widths in the nanometer-regime
have been prepared on the surface of the ferroelectric thin films.
The emission currents were measured under UHV conditions by both a single electron
detector for small emission currents and a metal plate with an amperemeter for larger
currents. Emission from the thin films starts at excitation voltages as low as 10 V.
Maximal emission currents of 100 pA have been reached for excitation voltages of
160 V. With piezoresponse force microscopy it was shown that the emission process
is strongly correlated to the switching of ferroelectric polarization. An increased
fraction of the free surface area is switched for increased voltage amplitudes.
A plasma-assisted electron emission was found for bismuth ferrite thin films. The
plasma-assisted emission strongly damages the films. BFO films are therefore proven
to be unfavourable for emission devices.
The successful electrode preparation and electron emission from PZT thin films at
ultra-low excitation voltages demonstrates a significant improvement for thin film
electron emission.
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6 Electron Emission from PMN-PT Ferroelectric
Single Crystals
Because PMN-PT is a material with a low coercive voltage electron emission from
PMN-PT crystals is possible at bias voltages 10-times lower than in most other
investigated materials. In this chapter, the emission process from ferroelectric relaxor
PMN-PT single crystals is demonstrated. The first part describes the preparation
of the investigated samples. It is followed by an inspection of the basic properties
of electron emission from PMN-PT. In the third part, the time-dependent emission
process is analyzed by quantifying the amount of emitted electrons as a function of
pulse repetition rate and pulse duration of the excitation voltage. It is demonstrated
that FEE from PMN-PT can be described in the framework of a random field model,
with the measured electron flux correlating with the amount of reversed polarization.
In the fourth chapter the electron emission from PMN-PT single crystals has been
analyzed locally. The influence of the top electrode aperture size on the emission
process has been investigated. It is found that electron emission from PMN-PT
single crystals is strongly influenced by the electric field distribution in the aperture.
Additionally, an optimum aperture width is found for electron emission from PMN-
PT.
6.1 Sample Setup
Figure 33: AFM-image of the top electrode structure consisting of a 25µm wide aperture
for electron emission prepared on a PMN-PT single crystal. [26]
77
As electron emitter a ferroelectric relaxor PMN-PT single crystal was used. This
material was chosen for emission measurements because it is a suitable low voltage
electron emitter as was shown in the work of O. Mieth [26]. It requires low operation
voltages for electron emission due to its low coercive field of ≈ 2 kV/cm. Also,
large emission currents are achievable with PMN-PT due to a large spontaneous
polarization of several tens of µC/cm2.
In this work 500 µm thick (001) [Pb(Mg1/3Nb2/3)O3]0.71[PbT iO3]0.29 single crystals
were used. The crystals were purchased from the company Ceracomp, Co., LTd.
(South Korea). Initially, the crystals were not poled and showed no preferred
polarization orientation. With a lead titanate content of 29% the samples are in
the rhombohedral ferroelectric relaxor phase at room temperature [50]. The bottom
electrode is a closed gold electrode. For the top electrode preparation a wire with a
diameter of 25µm was used as a shadow mask during metal evaporation. A 60 nm
thick gold layer with a 5 nm adhesive chromium interlayer was evaporated onto the
sample surface. The resulting structured top electrode consists of a 25µm wide slit
for electron emission. The total aperture area measured 0.025 mm2. An image of
the top electrode structure, for a similar prepared sample, measured by O. Mieth
[26] with an atomic force microscope is visible in Fig.(33). The total area of the top
electrode was 1mm2.
A square-wave voltage was applied to the bottom electrode of the sample to induce
electron emission, while the top electrode was grounded. The sample wiring is
sketched in Fig.(34). As displayed in Fig.(35) the square-wave voltage applied to the
Figure 34: Electron emission setup consisting of a PMN-PT single crystal with a gold
bottom electrode and gold top electrode with a 25µm wide aperture. A square wave
voltage is applied to the bottom electrode to induce electron emission through the aperture.
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sample has an amplitude U0, a repetition frequency f, a positive pulse width T+, and
a negative pulse width T−. The rise and fall time of the square wave voltage is 5 ns
and thus negligible as compared to the switching process observed here in PMN-PT.
The maximum electric current applied is 350 mA. The amplitude U0, frequency f and
pulse durations T+, T− of the applied voltage were varied and the resulting amount of
emitted electrons were recorded with a single electron detector (see chapter 4.1). The
emission was measured with an integration time of 1 s, unless mentioned otherwise.
In addition, the ferroelectric hysteresis properties of PMN-PT were recorded with
a ferroelectric test system (see chapter 4.3.1). Local investigations of the electron
emission were performed with the help of an AFM tip as electron detector.
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Figure 35: Sketch of the applied square wave voltage to induce electron emission with a
frequency f , a positive voltage pulse width T+, a negative voltage pulse width T− and an
amplitude U0. During positive applied voltages the polarization is screened and during
negative applied voltages the electrons are emitted.
79
6.2 Principle Properties of Electron Emission from PMN-PT
Single Crystals
Ferroelectric properties of the PMN-PT samples were investigated. The ferroelectric
hysteresis curve of the PMN-PT samples is shown in Fig.(36). The hysteresis was
measured with a TF Analyzer 2000 (section 4.3.1) and an additional home-built
amplifier. With this setup a maximum voltage of 200 V could be reached. From the
hysteresis of the PMN-PT crystal a coercive voltage of 105 V can be deduced. The
coercive voltage determines the threshold voltage for the onset of electron emission.
Fig.(37) displays the voltage-dependence of the electron emission from the PMN-PT
samples. A square-wave voltage with a duty cycle of 50% and a frequency of 100
Hz was applied to the bottom electrode of the sample while the top electrode was
grounded. The electron flux was measured as a function of the amplitude of the
- 3 0 0 - 2 0 0 - 1 0 0 0 1 0 0 2 0 0 3 0 0
- 3 0
0
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Figure 36: Ferroelectric hysteresis curve of PMN-PT taken at a frequency of 0.01 Hz
and a maximum voltage of 200 V. A coercive voltage of 105 V can be deduced from the
hysteresis curve.
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applied square-wave voltage with a single electron detector. As is visible, electron
emission starts at +110 V which is in close vicinity to the coercive voltage of +105 V.
Increasing the voltage amplitude leads to a nonlinear increase in the electron count
rate since a larger area in the aperture region is switched and contributes to the
electron emission. The dependence of the electron emission from PMN-PT single
crystals on the operation voltage has been intensively investigated and explained
in the work of O. Mieth [26] and is therefore not surveyed any further here. Using
a square-wave voltage with a frequency of 100 Hz, a duty cycle of 50%, and an
amplitude of 180 V current densities of 10−11 A/cm2 can be reached. This current
density values are comparable with weak ferroelectric electron emission currents from
other materials at much higher excitation voltages.
The recorded emission rate also varies with respect to the repetition frequency of
the excitation voltage. Increasing the frequency corresponds to a larger number
of polarization switching cycles and thus emission cycles during one measurement
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Figure 37: Electron emission count rate recorded with a single electron detector as a
function of the applied excitation voltage amplitude U0. The emission starts at 110 V
which is in close vicinity to the coercive voltage of 105 V in PMN-PT.
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point (1s). This behavior is displayed in Fig.(38) where the frequency was gradually
increased from 10 to 5000 Hz while keeping the voltage amplitude U0 constant at 180
V. The solid black curve in Fig.(38) illustrates the measured count rate as a function
of frequency. A clear increase of the count rate for rising frequencies is revealed.
However, the slope is strongly non-linear. This is visualized by the dashed red curve
in Fig.(38) which displays the count rate normalized to the frequency. Thus meaning,
the red curve shows the electron counts emitted per single voltage pulse. Obviously,
the emitted amount of electrons per switching cycle decreases drastically for higher
frequencies. This means that for larger repetition frequencies at least one of the three
steps involved in the emission process (switching, screening, emission) is time-limited
and thus proceeds incomplete. It is the goal of the next part of this work to clearly
identify this limiting process step.
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Figure 38: Electron emission count rate (black curve) and emission count rate per frequency
(dashed red curve) as a function of the frequency of the applied voltage with a duty cycle
of 50 %.
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6.3 Time-Resolved Electron Emission from PMN-PT Single
Crystals
In general, ferroelectric electron emission proceeds in three steps (see chapter 3):
• i) Switching: Upon applying a switching voltage between the bottom and
the top electrode (the latter being perforated with an aperture for electron
emission) a positive polarization pointing out of the surface plane is built up.
• ii) Screening: Electrons are accumulated at the (free) surface of the ferroelectric
to screen the polarization that points upwards.
• iii) Emission: The polarization is decreased or reversed, and due to the resulting
charge imbalance at the surface electrons are emitted into the vacuum.
The three steps (i) switching, (ii) screening, and (iii) emission that are necessary for
ferroelectric electron emission are illustrated in Fig.(35). During positive applied
voltages to the bottom electrode the polarization points out of the surface plane
and the screening charges build up. After switching to negative applied voltages the
polarization is switched to point downwards and electron emission occurs.
The time dependence of these three steps involved in FEE was carefully analyzed in
the following by measuring the impact of pulse repetition rate and pulse duration
of the excitation voltage on the electron flux emitted from PMN-PT single crystals.
The electron emission results are compared with ferroelectric polarization switching
experiments within the framework of random field theory.
6.3.1 Polarization Reversal
The interest in PMN-PT stems from its relaxor behavior which can be described
within random field theory. The model bases on a random distribution of defects
within the bulk crystal, leading to the presence of electric fields on the unit-cell
level that are random in magnitude, distribution and orientation. In PMN-PT the
random fields are caused by the random distribution of differently charged Mg2+ and
Nb5+ ions on the B cation sites in the perovskite unit cell.
Polarization switching occurs in the vicinity of these random fields by nucleating
polar clusters with a reversed polarization [57, 53]. Since polarization reversal is the
driving mechanism for ferroelectric electron emission the random fields must be the
origin for FEE. This is exactly the case, as will be shown in this chapter.
For a positive voltage applied to the bottom electrode the ferroelectric polarization
is oriented to point upwards. Hence, electrons accumulate at the free ferroelectric
surface and (partly) screen the internal polarization. When a negative voltage is
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applied to the bottom electrode the polarization is switched to a downwards orienta-
tion. During this step the screening electrons are partly emitted from the sample
surface.
The amount of the switched polarization depends on the magnitude and duration of
the applied voltage as is well-known from ferroelectric hysteresis curves.
The amount of switched charge during a polarization reversal not only depends
on the amplitude of the applied voltage but also on the duration of the voltage
pulse. This time dependence was investigated in Fig.(39) by measuring the switched
polarization as a function of the positive voltage pulse width T+. A square-wave
voltage pulse with an amplitude U0 of 180 V and positive voltage pulse widths T+
ranging from 0.01 ms to 10 s was used. The duration of the negative voltage pulse
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Figure 39: Reversed polarization as a function of the positive voltage pulse width T+
measured with a square-wave voltage pulse of 180 V amplitude. The solid red line shows
the fit with a stretched power law following from random field theory for relaxors.
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T− was kept constant at 100 ms. As visible in Fig.(39), polarization switching occurs
over a broad distribution of time and still continues for pulse widths exceeding 10 s.
This is in contrast to ordinary ferroelectrics where polarization switching is known
to occur on the ns to µs level [27].
Nevertheless, the reported polarization dynamic can be understood within random
field theory for relaxors. As mentioned previously, PMN-PT is known to contain
random fields due to the intrinsic random distribution of Nb5+ and Mg2+ ions on
the B cation site. The random fields couple to the polarization manifesting a spatial
variation of coercive fields. Polarization reversal initiates through the nucleation of
polar clusters of reversed polarization near quenched random fields and proceeds
through the growth of this nuclei. In PMN-PT the nucleation near defects is very
heterogeneous while nucleus growth in the random fields covers a broad time dis-
tribution. Hence the switched polarization in PMN-PT can be described with a
stretched power law [57]:
P (t) = Pind e
−a[ln( t
τ
)]n (23)
Here P (t) is the time dependence of the polarization, Pind the total induced polar-
ization, a an exponential factor, n a dimensionality factor, and τ the characteristic
relaxation time. The data points in Fig.(39) are fitted with Eq.(23) and the fit is
shown as a solid red line. Good correlation between the data and the fit is visible
revealing n = 2, τ = 0.012ms, Pind = 0.213C/m
2, and a = −0.005. Hence, switching
over a broad distribution of nucleation time is described with the model. The reason
for the switching occuring over a broad distribution of time is that the quenched
random fields stretch out the time for the nucleation and growth of the polar clusters
[53].
The magnitude of the built-up positive polarization determines the amount of neg-
ative screening charges accumulating on the emitter surface and thus specifies the
amount of potentially emitted charges. A reduction of the achieved polarization,
as is the case for short positive voltage pulses, therefore decreases the amount of
emitted electrons per switching cycle. Since the polarization reversal is not entirely
completed even for very slow switching lasting for several seconds per cycle, a single
emission pulse must inherently be much more efficient concerning FEE for smaller
excitation frequencies even in the mHz regime.
6.3.2 Electron Emission Step
In the step emission of the FEE process, the electrons are emitted when a negative
voltage is applied to the bottom electrode of the sample. Reducing the positive
polarization leads to an excess of negative screening charges at the aperture surface,
and finally results in electron emission as part of the relaxation to a new equilibrium
state. These excess electrons might also equilibrate by flowing back into the top
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Figure 40: Electron emission counts as a function of time with a time resolution of 8 ms.
The applied voltage characteristics is visible as a solid red line.
electrode or recompensation through the ferroelectric bulk, at least if the waiting
time is long enough. Obviously, the emission efficiency is thus coupled to the speed
of the polarization variation.
In Fig.(40) a time-resolved electron emission is displayed with a 8 ms time resolution
for a symmetric (T+ = T−) square-wave voltage biased between ±180 V at a repeti-
tion frequency of 1 Hz. As is visible, after the voltage is switched from a positive to
a negative value the electron emission starts. The emission increases fast during the
first 70 ms, reaches a maximum after 100 ms, and then gradually diminishes to zero
after 400 ms. The majority of the electrons are emitted in the interval between 70
ms and 180 ms, which correspond to frequencies of 14 Hz and 5 Hz, respectively. A
comparison of these values to the frequency dependence of the observed count rate
per switching cycle shown in Fig.(38) explains the strong decrease of the measured
electron signal. Particular, the strong decrease in the frequency range from 10 to 100
Hz is explainable because only part of the total emission peak is traversed in 100 ms.
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Figure 41: Dependence of the electron emission count rate per switching cycle on the
duration of negative (dashed red curve) and positive (black curve) applied voltage while the
duration of the positive (dashed red curve) and negative (black curve) voltage is constant
with 100 ms.
The data shown in Figs.(38) and (40) refer to experiments performed with a symmet-
ric voltage, i.e. positive and negative half cycles have the same duration (T+ = T−).
As mentioned above, the screening and emission process proceed while applying
a positive and negative voltage to the bottom electrode, respectively. Thus, by
changing the duty cycle of the square wave voltage it is possible to investigate the
evolution of the two processes independently.
The dashed red curve in Fig.(41) shows the observed electron emission count rate
per switching cycle as a function of the duration of the negative applied voltage T−
in a double-logarithmic plot. The voltage amplitude was set to 180 V. The negative
voltage pulse width T− was varied from 10 µs to 400 ms while the positive pulse
width T+ was kept constant at 100 ms. Accordingly, in this experiment the duration
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of the positive voltage pulse corresponds to a frequency of 10 Hz and thus is sufficient
to ensure a large positive polarization to be created and screened by mobile charges.
As seen in Fig.(41) an increased duration of the negative voltage results in a larger
count rate, since the time for the emission process is increased. The emission already
sets in for emission times as low as 10 µs, however, with very low count rates of 0.2
electrons per cycle, only. The number of emitted electrons per cycle increases fast
for emission times below 100 ms and then shows a moderate growth above the 100
ms. This is in accordance with the results from Fig.(40) showing that the maximum
of the emitted electrons drops after approximately 100 ms.
6.3.3 Screening Charge
To evaluate the time-dependence of the screening process the amount of emitted
electrons was measured as a function of the time needed to accumulate the screening
charges. The black curve in Fig.(41) shows the measured counts per switching cycle
as a function of the duration of the positive voltage pulse T+ with the negative
voltage pulse width T− kept constant at 100 ms, ensuring that the emission process
is mostly completed. Hence, any reduction of the count rate in this configuration
must originate either from a smaller positive polarization that is created during the
positive voltage part, or from insufficient screening of this polarization for a shorter
positive voltage pulse.
As shown, electron emission is observed at positive voltage pulses down to 10 µs
pulse width, with a magnitude that is one order of magnitude larger as compared to
the same applied negative voltage pulse width [dashed red curve in Fig.(41)]. The
black curve increases slowly for positive pulse durations up to 1 ms and shows a
larger slope for longer positive voltage pulses. A comparison of the dashed red and
black graphs reveals three different regimes:
• For pulse widths smaller than 0.3 ms which correspond to frequencies larger
than 3 kHz, the dashed red curve displays a smaller count rate as compared to
the black curve. Here, the emission process is limited by the short duration
of the negative voltage, the time span is not sufficient to emit all screening
charges.
• Between 0.3 ms and 100 ms fewer electrons are emitted per cycle in the black
curve than in the dashed red curve. This means that all potential charges are
emitted during the negative voltage pulse and FEE is limited by the amount
of available surface charges.
• For times longer than 100 ms almost all electrons have enough time to be
emitted. Yet the electron flux might be increased further by providing more
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Figure 42: Dependence of the electron emission count rate per switching cycle on the
duration of the positive applied voltage while the duration of the negative voltage is
constant with 100 ms. Fit with stretched exponential function following from random field
theory to describe the nucleation process.
screening electrons by increasing the positive voltage time.
From the data shown in Fig.(41) it is not possible to distinguish the influence of the
polarization reversal and the screening of the new polarization state. Both processes
occur during the positive voltage pulse and thus contribute to the dependence of the
emission on the positive pulse width shown in the dashed red curve. Nevertheless,
these data can be modeled by a stretched power law dependence of the random field
approach similar to the polarization reversal curve illustrated in Fig.(39). This fit is
displayed as a solid red line in Fig.(42).
Comparing Fig.(39) and Fig.(42) show that it is possible to fit the electron emission
current and the polarization switching as a function of time with the same parameters
for n and τ . From this accordance it can be concluded that the emission process
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is dominated by the polarization switching, and that the effect of the screening
process must be negligible. The magnitude of the positive polarization determines
the number of available emission charges since the screening process takes place on a
much shorter timescale. The polarization switching occurs over a huge time period
of several magnitudes while the screening has to be faster than 10 µs.
6.3.4 Summary Time-Resolved Electron Emission
The time-resolved ferroelectric electron emission properties of PMN-PT single crys-
tals have been investigated for different switching voltage scenarios and compared
with hysteresis measurements. The polarization switching occurs over a broad distri-
bution of time as is typical for relaxor PMN-PT. The emission reflects the stretched
polarization times starting already at 10 µs and still increasing at 100 ms. One
single emission transient reaches its maximum after 100 ms and finishes after 400
ms. The electron emission is strongly correlated with the polarization reversal in
PMN-PT. It is found that the emission follows the random field model in accordance
to polarization switching. From this it follows that the screening process must be
completed within 10 µs.
The emission of PMN-PT is most efficient for voltages exceeding 180 V so that the
whole aperture area is switched, for high positive pulse durations and for negative
pulse durations between 70 and 100 ms.
6.4 Spatial Distribution of Electron Emission
The use of a patterned top electrode in direct contact with the ferroelectric surface
poses the question of whence and how exactly electrons are emitted from the apertures.
Because the aperture widths can be very small a method with a high spatial resolution
is required to locally investigate the emission from the apertures. That is why in
the following, the amount of emitted electrons is observed with the help of an AFM
tip serving as a local electron detector. Additional, macroscopic and microscopic
measurements for different aperture widths are performed. The results of the local
measurements are than compared with electric field simulations.
6.4.1 Macroscopic Measurements of Electron Emission
The angular distribution of the emitted electrons is an important parameter of an
electron source and determines possible cathode applications. Generally, small beam
spread angles are favourable since high brightnesses (current density per dihedral
angle) are required for most cathodes. Especially, in electron microscopy electron
sources with high brightnesses are required.
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Figure 43: Emitted electron count rate as a function of angle between the sample and the
detector for an excitation voltage of 111 V a frequency of 1 kHz and a duty cycle of 50 %.
To access the angular distribution of the electron emission from PMN-PT structures
a PMN-PT sample with a 25 µm wide aperture was placed on the goniometer sample
holder of the UHV system (see chapter 4.1). Adjacent, the sample was rotated
with respect to the electron detector measuring the amount of emitted electrons.
The resulting angular dependence is shown in Fig.(43) for a square wave excitation
voltage with an amplitude of U0 = 111V and a frequency of f = 1 kHz. As can
be clearly seen, the signal decreases continuously up to an angle of 45◦. For angles
exceeding 45◦ no more emission current could be measured. This indicates a broad
angular distribution of the emitted electrons. The maximum angle for emitted
electrons corresponds to the smallest angle with no counted electrons. Therefore,
the maximum angle of emitted electrons follows to be 45◦ ± 15◦.
It is expected that the emission paths of the electrons strongly follow the electric
field lines in the aperture region. Consequently, the emission angle is influenced by
the aperture width, the electrode thicknesses, and different external measurement
conditions, like the electric field of the detector. The measurement shown in Fig.(43)
is thus only a first estimation of the electron emission angle for the standard sample
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setup used throughout this thesis.
To understand the influence of the aperture width on the electron emission process
a PMN-PT crystal was prepared with different sized apertures in the top electrode.
The different top electrode structures were prepared with the help of a lithography
system (SF-100 Extreme, Intelligent Micro Patterning LLC Exposure System, U.S.A.)
on PMN-PT single crystals. A negative photoresist (nLOF 2020) has been used.
After exposure and development of the resist, a 60 nm thick gold layer was evaporated
on top. Afterwards, the lift off was performed with NMP [117]. In this way, different
aperture widths of 25, 50, 63, 77 and 90 µm where prepared in the top electrode.
The total aperture area was kept constant at 0.025mm2.
For the different aperture widths the amount of emitted electrons was measured with
a single electron detector at an applied voltage of 180 V and a repetition frequency
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Figure 44: Measured electron count rate as a function of aperture width for a constant
free surface area of 0.025mm2 and a square wave voltage with an amplitude of 176 V and
a frequency of 100 Hz. The exponential decrease of the electron count rate with increasing
aperture width is visible in the red exponential fitting curve of the data points.
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of 100 Hz. The measurement is shown in Fig.(44) in a semi-logarithmic plot. From
the data it is visible that the amount of emitted electrons decreases exponentially
with increasing aperture width. The exponential decay parameter determined from
the measurements is 10.14µm. The behaviour of the emission current with aperture
width can be understood with the help of electric field simulations performed in
chapter 6.4.4. It will be shown in chapter 6.4.5, that for wider aperture widths the
horizontal component of the electric field is increased and with that the deflection
of electrons to the electrodes. The deflected electrons can therefore not reach the
detector and the measured electron current decreases with increasing aperture width.
A detailed explanation for the exponential decrease of the emitted electrons with
aperture width will be given in the discussion chapter 6.4.5.
6.4.2 Implementation of Microscopic Measurements
4 µm
top electrode
PMN-PT
bottom electrode
a0
Figure 45: Geometry for the measurement of the local electron emission current with the
help of an AFM tip. The tip was positioned at a distance of 4 µm to the sample surface.
The tip was moved perpendicular over the aperture of the width a0.
To measure the spatial distribution of the emitted electrons an atomic force
microscopy tip was used as electron detector in an ultrahigh vacuum system. The
UHV-AFM is a commercial available device from the company Omicron (Germany)
and reaches vacuum pressures of 10−10mbar [118, 119]. The used AFM tip (PPP-
NCLPT from Nanosensors, Switzerland) is coated with a conductive Pt-Ir layer. The
tip was positioned at a distance of 4 µm from the sample surface as is sketched in
Fig.(45). The emitted electrons were measured, as a charge through the tip over an
integration time of 120 s, with the help of an electrometer (Keithley 617, U.S.A.).
To measure the electron emission at different positions in the aperture region the tip
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was moved perpendicular over the aperture as visible in Fig.(45).
The electron current emitted from the sample is not only detected by the AFM-tip
but also by the cantilever of the AFM. Consequently, the total measured emission
current is a sum of the current measured by the tip and by the cantilever. For the
local investigations only the current measured by the tip is of interest because only
the tip measures those electrons emitted at the specified measurement position. To
calculate the influence of the cantilever on the total measured electron current it
was positioned vertically to the aperture as is visible in Fig.(46). The calculation
was performed with the Ansatz that the total measured electron current Im consists
of a local emission current Iem measured by the AFM-tip itself and an additional
emission current Igeo due to the geometric influence of the AFM-cantilever:
Im = Iem + Igeo (24)
Whereas, the geometric influence of the cantilever consists of a capacitive part and
the emission current under the whole cantilever. The capacitive part can be neglected
because the charge was measured directly over a time larger than the switching time
so that any capacitive contribution is averaged out during the measurement. Hence,
for the measured emission current follows:
Im(a) = Iem(a) + c
∫ a
0
Iem(a)da (25)
with c a constant and a the position in the aperture. With this equation the emission
current can be calculated with the help of an iterative process: Starting at the point 0
where the cantilever is only over the left electrode and not over the emitting aperture
region. Therefore, the geometric influence of the cantilever on the measured current
Figure 46: Sketch of the influence of the cantilever as an additional current Igeo to the
real local emission current Iem on the measured electron current Im.
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in this position is negligible:
Im(0) = Iem(0) (26)
At the next point the cantilever is moved into the aperture region at the position a1
and it follows with Eq.(25):
Im(a1)− Im(0) = Iem(a1)− Iem(0) + c
∫ a1
0
Iem(a)da (27)
from this it follows with the help of the trapeze rule that:
Im(a1)− Im(0) ≈ Iem(a1)− Iem(0) + c
Iem(a1) + Iem(0)
2
(a1 − 0) (28)
with this and Eq.(26) follows:
Iem(a1) =
Im(a1)− c2Im(0)a1
1 + c
2
a1
(29)
The next point a2 is calculated with the help of the point before a1:
Im(a2)− Im(a1) = Iem(a2) + c
∫ a2
0
Iem(a)da− Iem(a1)− c
∫ a1
0
Iem(a)da (30)
Im(a2)− Im(a1) = Iem(a2)− Iem(a1) + c
∫ a2
a1
Iem(a)da (31)
The following points are calculated iteratively in the same way.
The constant c follows from the condition that the current Iem has to be equal on
both electrodes:
c =
Im(a0)− Im(0)
Im(0)a0
(32)
With c determined the geometric influence of the cantilever was removed from the
measurements with the help of Eq.(29) and similar equations for the other positions.
This geometry correction of the cantilever influence was performed for all measure-
ments of the emitted electron current visible in Fig.(47) and (49).
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6.4.3 Results of Microscopic Measurements
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Figure 47: Measurement of the spatial distribution of the electron emission from PMN-
PT with an AFM tip a) shows the height profile of the electrode aperture b) shows the
measured electron emission current c) shows the measured electron emission current with
the geometry influence of the cantilever corrected
In Fig.(47) the measurement results of the local measurements with an AFM tip
are shown for a PMN-PT sample with the standard 25µm wide aperture used
throughout the measurements at single crystals in this work. As usual, to induce
electron emission an AC voltage was applied to the bottom electrode of the sample
while the top electrode was grounded. A square wave voltage with an amplitude of
180 V and a repetition frequency of 100 Hz was used.
In part a) of Fig.(47) the measured sample topography along the aperture is shown.
The edges of the electrodes are sketched as dashed red lines in the graph where
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Figure 48: AFM topography picture of the wedge structure in the top electrode used for
the measurements at different aperture widths
the left electrode is at the position zero. The measured raw data of the spatial
electron emission is shown in part b) of Fig.(47). In part c) of Fig.(47) the measured
spatial electron distribution is shown with additional correction of the geometric
influence of the cantilever. It is visible from Fig.(47) c) that the electron emission
is strongest close to the electrode edges and decreases in the central region of the
aperture. From the measurements of Fig.(47) c), it is visible that not the whole
aperture area is emitting but only the regions close to the electrode edges. Because of
that, measurements of the spatial distribution of electron emission are performed for
different aperture widths. The goal of the local investigations at different aperture
widths is to find out if there is an optimum aperture width for electron emission.
To locally measure electron emission from different aperture widths a0 a wedge
shaped aperture structure in the top electrode was prepared on a PMN-PT sample.
The wedge structure was prepared with the help of two razor blades placed on the
sample surface during the top electrode evaporation. The resulting wedge shaped
structure in the top electrode was imaged with an AFM in Fig.(48).
The emitted electron current in dependence of the position in the aperture for differ-
ent aperture widths of 1, 2, 4, 9 and 18 µm are shown in Fig.(49). Again the edges
of the electrodes are sketched as dashed lines in the graphs with the left electrode at
the position zero.
As is visible from Fig.(49) for aperture widths of 1 µm the whole aperture region
is emitting almost uniform. A small offset in the emission current is measured at
the electrodes. This offset occurs because not the whole sample surface is covered
with the electrode but only a small area of 1 mm2. Therefore, a constant offset in
the emission current is measured with the cantilever originating from the rim of the
electrode. For wider apertures, the emission current declines in the central region.
This is visible in Fig.(49) for an aperture width of 2 µm, 4 µm, 9 µm and 18 µm
where the emission is high close to the electrode edge and vanishes in the central
aperture region. The emission from the aperture is expected to be symmetric to the
aperture center. However a slight asymmetry is visible in the measurements. The
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Figure 49: Measurement of the spatial distribution of electron emission from PMN-PT
single crystals with an AFM tip for different aperture widths of (a) 1 µm, (b) 2 µm, (c) 4
µm, (d) 9 µm, (e) 18 µm.
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asymmetry is most pronounced in the 18 µm wide aperture. The asymmetry is the
result of small differences between the left and right top electrode edges. Due to the
electrode preparation procedure the right electrode is less steep then the left electrode
as is visible in the AFM picture of the top electrode structure in Fig.(48). Also, the
slope of the aperture wedge results in a slight asymmetry in the measurement of the
electron current due to the finite width of the cantilever. Comparing the reached
emission current in the different aperture widths shows that the emission current
is highest for aperture widths of 9 µm. Emission currents of over 1 pA are reached
close to the electrode edge. For smaller and wider apertures the emission current is
clearly below 1 pA. Therefore, an optimum aperture width, maximizing emission
current, seems to exist.
To estimate the optimal aperture width the measured electron current was integrated
over the entire aperture width. The integrated current for different aperture widths
is plotted in Fig.(50). Only the measurements performed with the same sample of
Fig.(49) where used for this curve not the measurement for the 25 µm wide gap from
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Figure 50: Total amount of emitted electrons from the whole aperture area for different
aperture widths following from Fig.(49).
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Fig.(47). From this plot it is visible that the emitted current increases for increasing
aperture widths until aperture widths of approximately 9 µm. After the emission
reaches a maximum at approximatley 9 µm the emission decreases for larger aperture
widths. A detailed explanation of these results and a simulation of the optimum
aperture size is performed in the next chapter 6.4.4.
Until now aperture sizes in the range of the crystal thickness have been used. However
these results show that aperture sizes much smaller than the crystal thickness are
more efficient to maximize electron emission from relaxor ferroelectrics.
To understand the emitted electron current distributions electric field calculations
in the aperture region have been performed in the following chapter 6.4.4. The
measured electron current distributions are compared with the theoretical field simula-
tions in that chapter and conclusions on the electron emission process are drawn there.
6.4.4 Electric Field Calculation
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Figure 51: Calculated normal electric field component in the sample structure. To serve
as an overview of the principle electric field distribution in the used sample geometry,
an electrode thickness of 10µm, a sample thickness of 100µm, and an aperture width of
100µm is used for better visibility.
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Figure 52: Calculated normal electric field component in the aperture region in more
detail.
To understand the spatial distribution of the emitted electron current, electric field
calculations in the aperture region have been performed. The calculations were
performed with the help of the finite element method (FEM). The equation:
div(−ε grad(U)) = 0 (33)
has been solved with FlexPDE 5.0.7 [120] for a voltage of 180 V applied to the bottom
electrode and a permittivity of εr=5000 [121]. The simulated sample structure
matches the sample structure of the experimental investigations with a sample
thickness of 500µm, an electrode thickness of 60nm and different aperture widths
from 1µm to 25µm.
Simulations of the electric field distribution within an exemplary electrode structure
can be seen in Fig.(51). Equal value lines of the normal electric field component are
shown. Underneath the top electrode the field strength corresponds approximately
to the applied electric field. Close to the electrode edges a field enhancement occurs.
The normal electric field component is reduced in the aperture area for an increasing
distance from the electrode. For an increasing distance to the surface the normal
electric field component in the aperture is also reduced. A more detailed view of the
electric field distribution is shown in Fig.(52) where the edge of the left electrode
is visible in more detail. It can be seen from Fig.(51) and Fig.(52) that the normal
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Figure 53: Calculation of the normal electric field component along the aperture surface
for different aperture widths from 25 µm to 1 µm. In the calculation the electrode thickness
was 60 nm and the sample thickness 500 µm. The coercive field of the samples used in the
measurement is Ec = 210 · 103 V/m.
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electric field component is reduced in the free surface area. A direct switching of
the ferroelectric polarization in the free area will only take place at sufficient field
strengths. Therefore, the electron emission, which occurs from the free surface
area after polarization switching, will be strongly influenced by the electric field
distribution.
To compare the experimental results with the electric field distribution, a cross section
along the surface of the aperture has been taken from the electric field simulations.
The resulting simulated normal electric field component along the aperture surface
is shown in Fig.(53) for aperture widths of (a) 1 µm, (b) 2 µm, (c) 4 µm, (d) 9
µm, (e) 18 µm, and (f) 25 µm. From Fig.(53) it is visible that the normal electric
field is highest close to electrode edges and decreases for increasing distance to the
electrode. The coercive field of the PMN-PT crystal determined by ferroelectric
hysteresis measurements is EC = 2.1 · 105 V/m (see chapter 6.2). For an aperture
width of 1 µm a non-vanishing normal electric field component is present up to
the aperture center. But the normal electric field in the aperture center is slightly
smaller than the coercive field of the material. For larger aperture widths, of 9 µm
and above, the electric field in the aperture drops to zero in the aperture center. So
that for aperture widths exceeding 9 µm there is no electric field present to switch
the polarization in the aperture center.
6.4.5 Discussion
Comparison of the measured spatial distribution of the emitted electrons from Fig.(49)
with the simulated electric field distribution from Fig.(53) reveals that the principle
characteristic of the electron emission measurements follows the characteristics of
the electric field distribution in the aperture region, strong at the electrode edges
and decreasing in the aperture center.
As is visible from Fig.(53d),(53e),(53f) for an aperture width of 9 µm and above the
electric field in the aperture drops to zero in the aperture center, so that not the whole
aperture region can be switched. This corresponds well with the emission results
from Fig.(49) were the emission in the center region of the 9 µm wide aperture and
larger apertures is indeed negligible. From the field calculation for an aperture width
of 1 µm shown in Fig.(53a) it is visible that there is a non-vanishing normal electric
field component present up to the aperture center. However, the normal electric field
of 7.5 · 104 V/m in the aperture center is slightly smaller than the coercive field of
2.1 · 105 V/m of the material. Nevertheless, as is visible from the emission results
of Fig.(49) the emission is almost homogeneous over the whole aperture area, with
only a slight drop in the center. Because PMN-PT is a relaxor ferroelectric it is not
unusual that the polarization switching can occur at small electric fields less than the
coercive field. The reason for this lies in the random oriented internal fields that are
present in the material near quenched defects. The random fields lower the energy
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barrier for domain nucleation and small polar regions with a reversed polarization
nucleate even for field strengths below the coercive field. The number of polar
clusters increases exponentially with rising applied field and a reversed polarization
orientation is achieved [122]. This is in contrast to polarization switching in normal
ferroelectrics where the polarization reverses due to the motion of domain walls.
That explains the emission from the whole aperture region of 1 µm. For aperture
widths of 2 µm and 4 µm the electric field in the aperture center is very small, with
4 · 104 V/m and 2 · 104 V/m respectively. This electric field is well below the coercive
voltage of the material and not sufficient to induce a polarization switching in the
aperture center. As is visible from the emission measurements of Fig.(53b,53c), the
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Figure 54: Simulation of the total amount of measurable electrons I from the whole
aperture area as a function of aperture width a0 (bottom graph). The calculation of the
measurable electrons I follows from a convolution of the amount of emitted electrons Jem
(top right graph) and of the electrons which are able to reach the detector Jdet (top left
graph). The emitted electrons Jem are calculated with the help of the normal electric field
component in the aperture. The electrons reaching the detector Jdet are calculated with
the help of the tangential electric field deflecting the electrons. Details of the calculation
are found in the text.
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aperture center is therefore not emitting.
The maximum of the normal electric field is reached at the aperture edge and the
maximum value depends on the aperture width. For wider apertures the electric field
at the aperture edge increases. Integration of the normal electric field component over
the entire aperture area results in the total electric field present in the aperture area.
The total electric field in the aperture area corresponds to the switched polarization
in the aperture and with that to the electrons emitted from the whole aperture area.
In Fig.(50) it was shown that the total emission efficiency depends on the aperture
width. The emission from the whole aperture increases for larger aperture widths
reaching a maximum at approximately 9 µm and then decreases for more larger
aperture widths. These measurement results can also be understood with the help
of the electric field calculations.
A simulation of the total emission as a function of aperture width has been performed
in Fig.(54). For small aperture widths, the increase of the emission with aperture
x
z
Ex/(-U0/d)
max 0.00
h      0.00
g -0.05
f -0.10
e -0.15
d -0.20
c -0.25
b -0.30
Z -0.40
Y -0.45
X -0.50
min -2.99
Figure 55: Calculated horizontal or tangential electric field component in the aperture
region. The emitted electrons are deflected due to the tangential components of the electric
field. An idealized deflected electron trajectory is sketched. The deflected electrons collide
with the electrode and are thus not detectable.
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width is dominated by an increase of the overall normal electric field in the aperture
region with increasing aperture width. This behaviour is shown in the top right of
Fig.(54), where the normal electric field integrated over the whole aperture width∫ a0
0
Ez(a)da as a function of aperture width a0 is shown. The integral of the electric
field has been calculated over the cross section of the electric field component along
the apertures of Fig.(53). The integral of the electric field decreases with decreasing
aperture width. The total electric field corresponds to the amount of switched
polarization ∆P in the aperture region and with that to the amount of emitted
electrons Jem with
Jem ∼ ∆P ∼
∫ a0
0
Ez(a)da. (34)
The decrease of the emission for aperture areas exceeding 9 µm is due to the
increasing tangential electric field with increasing aperture width. The increased
tangential electric field results in an increased deflection of the emitted electrons.
This increased deflection of the electrons causes the emitted electrons to collide with
the electrodes instead of reaching the detector as sketched in Fig.(55). The tangential
electric field Ex as a function of aperture width is derived from the electric field
calculations of chapter 6.4.4 and is visible in the top left graph of Fig.(54). The
whole electric field deflecting the emitted electrons Edeflecting is the integral of the
tangential component of the electric field
∫ a0
0
Ex(a)da. The deflection of the emitted
electrons is proportional to the deflecting electric field. For the electrons which are
detectable Jdet follows then:
Jdet ∼
1
Edeflecting
∼ 1∫ a0
0
Ex(a)da
(35)
The amount of measured electrons I(a0) is a convolution of the electrons being able
to reach the detector Jdet(a0) and of the amount of electrons which are emitted
Jem(a0):
I(a0) ∼ (Jdet ∗ Jem)(a0) ∼
(∫ a0
0
Ex(a)da
)−1
∗
∫ a0
0
Ez(a) da (36)
The convolution is shown in the bottom graph of Fig.(54). This simulated course of
the amount of measured electrons displays the emission characteristic measured in
Fig.(50). The simulated curve of the measured electrons increases for small aperture
widths until 9 µm and then decreases for wider apertures. The position of the
maximum at an aperture width of 9 µm corresponds well to the maximum observed
in the emission measurements of Fig.(50). Thus, the emission characteristic as a
function of aperture width follows the course of the simulation curve of the measured
electrons.
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6.4.6 Summary Spatial Distribution of Electron Emission
The spatial distribution of electron emission from PMN-PT single crystals has been
investigated macroscopical and microscopical. Macroscopic measurements were
performed with a single electron detector and revealed a maximum emission angle of
45◦. Microscopic measurements were performed with the help of an AFM tip as a
local current probe. The measurements reveal that electron emission is strongest
at the electrode edges and decreases in the aperture center. The local emission
characteristics can be understand with the help of the electric field distributions in
the aperture region. Electric field calculations show that the normal electric field
component decreases close to the aperture center. For aperture widths of 1 µm the
aperture is emitting almost homogeneously. An optimum size of the top electrode
aperture of approximatley 9 µm for electron emission from PMN-PT single crystals
is found. The found optimum aperture size corresponds well to simulations of the
amount of measurable electrons.
6.5 Summary Electron Emission from PMN-PT
Electron emission from 500 µm thick ferroelectric relaxor PMN-PT single crystals has
been investigated. For all measurements, a 25 µm wide rectangular aperture region
has been used as free surface area in the top electrode. To induce electron emission,
a square wave voltage with an amplitude U0, a frequency f , and a positive/negative
pulse duration T+/T− was applied to the bottom electrode of the sample while the
top electrode was grounded.
The coercive voltage of the PMN-PT sample was found to be 105 V. Thus electron
emission can be induced at small excitation voltages and was found to start at
voltage amplitudes of 110 V. After the onset of the emission, the amount of emitted
electrons increases non-linear with the operation voltage amplitude reaching an
electron current density of 10−11A/cm2 for excitation voltages of 180 V.
Time-resolved investigations of the emission process have been performed. The three
steps of the electron emission process polarization switching, surface charge screening,
and electron emission have been investigated separately. The measurements revealed
that the polarization switching occurs over a long time and is still not completed
after 10 s. The polarization dynamics could be described in the framework of a
ferroelectric relaxor with a stretched power law following from random field theory.
The emission itself takes place during a total time span of 400 ms but most electrons
are emitted after 100 ms. The buildup of the screening charge during positive applied
voltages was also found to follow the random field model. From this it could be
concluded that the screening process does not limit the electron emission and occurs
very fast during 10 µs. So the emission is strongly influenced by the polarization
switching.
107
Additional locally resolved measurements of the electron emission were performed.
Measurements of the emission angle revealed a maximum emission angle of 45◦.
Microscopic measurements of the local electron emission were performed with the
help of an AFM tip as electron emission current detector. The measurements showed
that the emission is strong at the electrode edges and decreases to the aperture
center. For a 1 µm wide aperture an almost homogeneous emission from the whole
aperture region is found. Field calculations support the emission data. The electric
field is strongest close to the electrode edges and decreases in the aperture center.
The local measurements reveal an optimum aperture width of 9 µm for the emission.
This optimal aperture width is proved by simulations of the reversed polarization as
a function of aperture width.
Putting all the experimental findings together reveals the following picture of the
electron emission process from PMN-PT single crystals: The emission occurs after
switching of the polarization to a downwards direction. The emission and the
screening itself is almost instant. The only time limiting step in the emission process
is the polarization switching. A higher amount of switched polarization results in
a higher amount of emitted electrons. The polarization switching itself is strongly
influenced by the normal electric field in the aperture. The normal electric field in
the aperture is strong at the electrode edges and decreases in the aperture center.
Therefore, the polarization switching is more efficient close to the aperture rim. This
means that electron emission occurs more easily from the electrode edge as local
measurements have proven. Nevertheless, an optimum aperture width of 9 µm was
found.
As a consequence electron emission from PMN-PT is most efficient for an aperture
width much smaller than the sample thickness and for an excitation process with
long applied positive voltages.
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7 Electron Emission from Barium Titanate Single
Crystals
As a comparison to the electron emission measurements performed with a typical
ferroelectric relaxor, electron emission from a standard ferroelectric is investigated
in this chapter. In this work, barium titanate was used as a model system for a
normal ferroelectric. Principle properties of electron emission from single crystal
barium titanate are observed. The first part of this chapter describes the used samples.
In the second part, the dependence of the electron emission on the amplitude and
frequency of the applied excitation voltage is investigated. In addition, the kinetic
energy distribution of the emitted electrons is presented in the second part of this
chapter. Finally, the found emission characteristics are compared with the emission
properties from ferroelectric relaxor PMN-PT single crystals.
7.1 Used Samples
Barium titanate was chosen for ferroelectric electron emission experiments because
it is a standard, conventional, and well known ferroelectric. It is therefore a suitable
material for comparative measurements with the ferroelectric relaxor PMN-PT single
crystals.
The used BaTiO3 samples were purchased from MaTecK GmbH (Germany). They
were stoichiometric (100) single crystals with a thickness of 500 µm. Before electron
emission measurements, the crystals were fully electrical poled so that they where in
a single domain state.
Top electrode preparation was performed just like for the case of the PMN-PT single
crystals (see chapter 6.1). Meaning, a 25 µm wide slit in a 60 nm thick gold top
electrode was used for the electron emission. And like for the PMN-PT single crystals
of chapter 6.1 the free surface area in the top electrode was 0.025mm2.
To induce electron emission a square wave voltage was applied to the bottom electrode
of the sample while the top electrode was grounded. The electron emission was
measured with the single electron detector in UHV.
7.2 Electron Emission Measurements
In a first electron emission measurement, the voltage amplitude U0 of the excitation
voltage was varied while the repetition frequency f was kept constant. The resulting
emission count rate as a function of the voltage amplitude can be seen in Fig.(56).
The black curve has been obtained using a fixed excitation frequency of 100 Hz,
whereas the red curve corresponds to a fixed frequency of 1 kHz. Both curves show
an increase of the emission signal for rising voltage amplitudes. Higher voltage
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Figure 56: Measured electron emission count rate from barium titanate as a function
of the applied excitation voltage for two different repetition frequencies of 100 Hz and 1
kHz. The emission starts at an excitation voltage amplitude of 110 V for both excitation
frequencies.
amplitudes lead to a larger area where polarization reversal occurs and consequently
to larger emission currents. Also in both experiments, the emission starts at exci-
tation voltages of 110 V. Therefore, the emission starts at voltages exceeding the
coercive voltage of 75 V of the barium titanate single crystals [104]. Compared
to a frequency of 100 Hz, a frequency of 1 kHz exhibits a faster variation of the
ferroelectric polarization. This results in a much larger electron emission for the 1
kHz measurement during one measurement point of 1 s. For excitation frequencies of
1 kHz, emission count rates of 1600 counts per second are reached at an excitation
voltage of 180 V. Whereas for excitation frequencies of 100 Hz and excitation voltages
of 180 V only 280 counts per second are reached.
This is two orders of magnitude lower than emission currents reached with PMN-PT
crystals. For PMN-PT count rates exceeding 25,000 counts per second have been
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Figure 57: Measured electron emission count rate from barium titanate as a function of
excitation frequency (black curve) and emission count rate per frequency (red curve) as a
function of frequency.
reached at excitation frequencies of 100 Hz and excitation voltages of 180 V (see
chapter 6.2).
The frequency dependence of the emitted electron count rate for a fixed excita-
tion voltage of 180 V is shown in Fig.(57). There the black curve shows the electron
count rate as a function of the frequency in a double-logarithmic plot. As can be
seen from the curve, the count rate increases linearly with frequency. To better
understand the frequency behaviour of the electron emission from barium titanate,
the count rate, normalized with respect to the frequency, is plotted semi-logarithmic
as a function of frequency in the red curve in Fig.(57). Normalization with the
frequency means that the amount of emitted electrons per switching cycle are shown
for different frequencies. From the plot it is visible that the amount of electrons
emitted per switching cycle is approximately constant for all excitation frequencies.
This means that the increase of the count rate with the frequency in the black curve
is only due to the increase in switching cycles during one measurement point.
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Figure 58: Energy distribution of the electrons emitted from barium titanate single
crystals. The measured amount of electrons decreases continuously indicating a broad
energy distribution of the emitted electrons.
This is in severe contrast to the emission process from PMN-PT where the amount
of emitted electrons per switching cycle depends strongly on the excitation frequency.
In a normal ferroelectric the polarization switching occurs on the nanosecond to
microsecond level and is therefore so fast that it is not limiting the emission process
like it does in the case of a relaxor. Through this measurement the huge difference in
the emission behaviour of a normal ferroelectric like barium titanate and a relaxor
ferroelectric like PMN-PT is illustrated.
As explained earlier in chapter 4.1.2 the energy distribution of the emitted electrons
has been measured with a metal grid in front of a single electron detector. The
measured energy distribution for electrons emitted from barium titanate at an exci-
tation voltage of 180 V and an excitation frequency of 1 kHz is shown in Fig.(58).
The measured emission signal decreases continuously with increasing grid voltage.
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This suggests a broad energy distribution of the emitted electrons up to a maximum
kinetic energy of 60 eV.
Broad energy distributions in the eV regime are typical for all ferroelectric elec-
tron emitters investigated in this work and previous works investigating the energy
distribution of electrons emitted from PMN-PT [26].
7.3 Discussion and Comparison with PMN-PT
As a conventional ferroelectric, barium titanate has been much better investigated
and understood than ferroelectric relaxors are so far. Also, the ferroelectric electron
emission from barium titanate is much less complex than the electron emission from
PMN-PT.
Especially, barium titanate does not show a non-linear frequency dependence as
is the case for PMN-PT. The process of polarization switching in barium titanate
is not occuring due to random fields and is therefore faster and less complex than
polarization switching processes in relaxors.
Another advantage of barium titanate as electron emitter is the longer lifetime
compared to PMN-PT. The reason for this is the much smaller piezoelectric effect in
barium titanate as compared to PMN-PT. The strong piezoelectric effect in PMN-PT
can destroy the sample and the sample electrode due to cracking. Whereas for
barium titanate no breakdown occured during all emission measurements performed.
Despite the much longer life-time, as well as faster and simpler emission processes,
emission currents reached with barium titanate single crystals are much smaller than
currents reached with PMN-PT samples. Therefore, PMN-PT crystals, although
much more complex, are the better choice for high current electron emitters.
7.4 Summary Electron Emission from Barium Titanate
Comparative ferroelectric electron emission measurements have been performed
with 500 µm thick barium titanate single crystals. Because barium titanate is a
conventional ferroelectric it served as a comparative electron emitter material to
ferroelectric relaxor PMN-PT. As for the case of PMN-PT, a 25 µm wide aperture
and a total aperture area of 0.025 mm2 in the top electrode was used for electron
emission.
The onset of the emission was reached for voltages of 110 V which exceeds the
coercive voltage of the sample. For an applied square wave voltage of 180 V with a
frequency of 100 Hz emission count rates of 280 counts per second could be reached.
This is two orders of magnitude smaller than emission from PMN-PT single crystals.
Electron emission from barium titanate shows a linear frequency dependence. Which
means that, in contrast to relaxors, the amount of emitted electrons does not depend
on the time the excitation voltage is applied. As is true for all investigated electron
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emitters emission from barium titanate shows a broad energy distribution in the eV
regime.
In conclusion it can be said that electron emission from barium titanate is much
less complex and shows longer life-times than electron emission from PMN-PT. But
emission currents reached with barium titanate are much smaller than those reached
with similar measurement conditions from PMN-PT single crystals.
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Part IV
Summary and Outlook
In this thesis the process of ferroelectric electron emission was investigated at thin
films and single crystals. Particular attention has been payed to analyze and improve
the electron emission process.
Firstly, thin ferroelectric films were chosen as electron emitters. With thin film
electron emitters it is possible to achieve low operation voltages. The trouble with
thin films is that the aperture in the top electrode has to be in the range of the film
thickness to induce electron emission. Therefore, a novel method of top electrode
preparation was used. An etched monolayer of polystyrene beads was applied as a
shadow mask during the electrode evaporation. The top electrodes on the thin films
had regular arranged apertures with tunable diameters in the nanometer regime.
This top electrode structure was used to induce electron emission from ferroelectric
lead zirconate titanate (PZT) and bismuth ferrite (BFO) thin films. Excitation
voltages as low as 10 V were sufficient to induce electron emission from the thin films.
Current densities of up to 3 · 10−8A/cm2 for pulsed excitation voltages of 60V have
been reached. A variation of the excitation voltage with simultaneous piezoresponse
force microscopy measurements has shown the polarization reversal process in the
aperture region and the correlation with the electron emission.
Two different electron emission processes were found for the different films. Elec-
tron emission from PZT thin films is a weak ferroelectric electron emission process.
Whereas, it was shown that a plasma-assisted electron emission process occurs from
the BFO thin films. The plasma-assisted electron emission in BFO strongly damaged
the sample surface. Therefore, PZT films were found to be more favourable as
practical electron emission sources. With the novel top electrode, reliable electron
emission from thin films is possible at ultra-low excitation voltages.
As handling thin films is still challenging, electron emission from single crystals
at low operation voltages would be a real asset. So secondly, lead magnesium niobate
- lead titanate (PMN-PT) single crystals were used as emitter material, due to their
low coercive field. Thus, low operation voltages could be used, even for 500 µm
thick crystals. Throughout the thesis, operation voltages with an amplitude of 180
V and a frequency of 100 Hz were applied. As a top electrode a gold electrode with
a 25 µm wide gap was used. PMN-PT possesses not only a low coercive field but is
also a ferroelectric relaxor. The influence of the relaxor properties of the crystals
on the electron emission process were investigated. Thus, the time-dependencies of
the three different electron emission steps switching, screening and emission were
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analyzed. It was found that electron emission from ferroelectric relaxor PMN-PT can
be described in the framework of a random field model. The main factor influencing
the amount of emitted electrons is the ferroelectric polarization. Highest emission
currents are achieved for long-lasting positive excitation voltage pulses, meaning for
large positive polarizations. The screening process was found to occur so fast that
it does not influence the electron emission process. The whole emission occurs in a
timescale of several hundred milliseconds.
Beyond time-resolved investigations spatial distribution of the electron emission was
examined. Because the apertures are very small a method with a high spatial resolu-
tion was used. Hence, local measurements of the electron emission from PMN-PT
crystals were performed with the help of an AFM tip as an electron detector. To
explain the findings, comparative electric field calculations were performed with the
help of the finite element method. The spatial distribution of the electron emission
follows the electric field distribution in the aperture region. An optimum aperture
width of approximately 9 µm is found for PMN-PT. These results show that aperture
widths much smaller than the sample thickness are optimal for electron emission.
To put electron emission from ferroelectric relaxors into perspective, additional
comparative measurements with a conventional ferroelectric were performed. As a
conventional ferroelectric barium titanate was chosen. The measurements showed
that the emission from conventional ferroelectric barium titanate is much less complex
than the emission from ferroelectric relaxor PMN-PT single crystals. Also the lifetime
of barium titanate single crystal electron emitters is much larger than of PMN-PT
emitters. Nevertheless, with PMN-PT crystals much higher emission currents can be
reached than with barium titanate. Therefore, PMN-PT is the more suitable electron
cathode to achieve high emission currents. The results clearly show that it is possi-
ble to use ferroelectric relaxors as low-operation voltage ferroelectric electron emitters.
As has been shown during this work, electron emission from ferroelectric thin
films and ferroelectric relaxor single crystals is possible at low operation voltages.
Additional, careful optimization of the excitation process and the top electrode
structure can strongly enhance the electron emission current from this materials.
The behaviour of the electron emission can be understand with models of the di-
electric properties of the materials, e.g. random field model, electric field calculations.
Although this thesis provides an extensive investigation of the emission charac-
teristics of thin films and single crystals there are still a lot of issues requiring further
investigation. For device applications, not only the total current is important but also
the brightness of the electron source. Brightness is defined as the electron current
density per dihedral angle. Brightness of the ferroelectric electron emitters need to
be optimized for better applicability as electron cathodes.
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The life-time of the PMN-PT cathodes is limited to an average of 108 switching
cycles due to the high piezoelectric coefficients of the crystals. Therefore, samples
with a composition away from the morphotropic phase boundary and more into the
relaxor regime are probably more suitable for longer living electron emitters. Also
the life-time of the thin film samples can probably be increased with the usage of
defect-free samples of very high quality.
An interesting advancement of ferroelectric electron emitters would be the devel-
opment of spin polarized electron emission from ferroelectrics. Ideas to achieve
spin-polarization are already present. The main idea is to use a magnetic insulator
on top of the ferroelectric so that the electrons are emitted from the magnetic film
and are thus polarized. To reach this goal, still a lot of research has to be performed
and some important problems have to be solved. For example the film thickness of
the magnetic material has to be carefully optimized to allow sufficient screening on
the one hand and emission on the other hand. Also the magnetic properties of the
thin film have to be carefully tuned.
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